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THEME 


Radio  waves  must  necessarily  travel  through  the  lower  atmosphere  for  any  ground  or  space  link  where  at  least  one 
end  is  near  the  ground.  Consequently,  the  influence  of  the  lower  atmosphere  on  wave  propagation  act  on  the  whole 
radio  spectrum  and  the  influence  becomes  much  greater  above  30  MHz.  Optical  propagation  is  also  affected  by  the  lower 
atmosphere.  Though  all  the  possible  physical  phenomena  which  can  influence  wave  propagation  are  clearly  identified, 
difficulties  occur  when  predicting  the  effects  of  these  phenomena,  mainly  due  to  insufficient  knowledge  of  radio  and 
optical  meteorological  parameters.  Therefore,  the  objectives  of  this  symposium  were: 

To  discuss  the  present  knowledge  of  the  meteorological  and  radiometeorological  parameters  which  may  have  an 
influence  on  terrestrial  or  earth-space  radio  links^ 

To  discuss  the  various  models  and  the  various  methods  of  predicting  the  effects  of  these  parameters  on  radio  wave 
propagation^ 

To  discuss  the  effects  of  turbulence  and  particle  scattering  on  optical  propagation. 

To  investigate  possible  methods  to  overcome  the  perturbations  due  to  these  propagation  effects. 

! 

Toute  liaison  terrestre  ou  spatiale  dont  une  extr£mite  au  moins  est  situee  a  proximite  du  sol  exige  que  les  ondes 
radios  se  propagent  a  travers  la  basse  atmosphere.  Par  consequent,  l’influence  de  la  basse  atmosphere  sur  la  propagation 
des  ondes  affecte  la  totalite  du  spectre  radio  et  devient  beaucoup  plus  marquee  au-dessus  de  30  MHz.  La  basse 
atmosphere  affecte  egalement  la  propagation  optique.  Bien  que  tous  les  phenomenes  physiques  susceptibles  d’influencer 
la  propagation  des  ondes  soient  clairement  identifies,  des  difficult^  surgissent  lorsqu’il  s’agit  de  predire  les  effets  de  ces 
phenomenes,  du  fait,  essentiellement,  de  I’insuffisance  de  nos  connaissances  concemant  les  parametres  meteorologiques 
radio  et  optiques.  Le  symposium  poursuivait  done  les  objectifs  suivants: 

(a)  Passer  en  revue  les  connaissances  actuelles  concernant  les  parametres  meteorologiques  et  radiometeorologiques 
susceptibles  d’influer  sur  les  liaisons  radio  soit  terrestres  soit  entre  la  Terre  et  l’espace. 

(b)  Examiner  les  divers  modeles  et  les  diverses  methodes  permettant  de  predire  les  effets  de  ce  parametres  sur  la 
propagation  des  ondes  radio. 

(c)  Etudier  les  effets  de  la  turbulence  et  la  dispersion  des  particules  sur  la  propagation  optiques. 

(d)  Rechercher  des  methodes  permettant  de  maitriser  les  perturbations  crees  par  ces  effets  de  la  propagation. 


(a) 

(b) 

(c) 

(d) 
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TECHNICAL  EVALUATION  REPORT 


BY 

ALBERT  W.  BIGGS 

REMOTE  SENSING  LABORATORY,  UNIVERSITY  OF  KANSAS,  LAWRENCE,  KANSAS  66045  USA 
1 .  INTRODUCTION 


The  33rd  symposium  of  the  Electromagnetic  Wave  Propagation  Panel  on 
"Characteristics  of  the  Lower  Atmosphere  Influencing  Radio  Wave 
Propagation"  was  held  in  Spatind,  Norway,  4-7  October  1983.  The 
Program  Committee  consisted  of  Mr.  L.  Boithias  (France),  Chairman, 

Dr.  E.  Altshuler  (U.S.),  Dr.  H.T .  Dougherty  (U.S.),  Dr.  F.  Fedi  (Italy), 
Mr.  M.P.M.  Hall  (U.K.),  Dr.-Ing.  E.W.  Lampert  (Germany),  Dr.  K.S. 

McCormick  (Canada) ,  Ir.  J.T.A,  Neessen  (The  Netherlands) ,  and  Dr. 

M.B.  White  (U.S. ) . 

The  technical  evaluation  for  Sessions  I  and  III  were  performed  by  the 
session  chairmen,  while  that  for  Session  II  was  performed  by  Dr.A.W.  Biggs 
(U.S.). 


This  report  represents  an  attempt  to  provide  a  summary  of  the  entire 
symposium  and  to  draw  conclusions  and  derive  recommendations  which  were 
received  from  authors  and  participants  of  the  symposium. 

2.  THEME 

Radio  waves  must  necessarily  travel  through  the  lcwer  atmosphere  for  any  ground  or  space 
link  where  at  least  one  end  is  near  the  ground.  Consequently,  the  influence  of 
the  lower  atmosfhere  cm  wave  propagation  act  on  the  whole  radio  spectrun  and  the 
influence  becomes  much  greater  above  30  MHz.  Optical  propagation  is  also 
affected  by  the  lower  atmosphere.  Though  all  the  possible  physical 
phenomena  which  can  influence  wave  propagation  are  clearly  identified, 
difficulties  occur  when  predicting  the  effects  of  these  phenomena,  mainly 
due  to  insufficient  knowledge  of  radio  and  optical  meteorological  parameters. 
Therefore,  the  objectives  of  this  symposium  were: 

o  To  discuss  the  present  knowledge  of  the  meteorological  and  radio- 

meteorological  parameters  which  may  have  an  influence  on  terrestrial 
or  earth-space  radio  links. 

o  To  discuss  the  various  models  and  the  various  methods  of  predicting  the 
effects  of  these  parameters  on  radio  wave  propagation. 

o  To  discuss  the  effects  of  turbulence  and  particle  scattering  on  optical 
propagation . 

o  To  investigate  possible  methods  to  overcome  the  perturbations  due  to 
these  propagation  effects. 

The  symposium  was  organized  in  three  sessions  in  which  26  formal  papers 
were  presented  covering 

I  Influence  of  Rain  and  Other  Particles 

II  Refraction  Effects  Including  Multipath  and  LOS  Path 

III  Long  Range  Propagation  Including  Ducting  and  Coverage  Problems 

Papers  (29)  and  (30)  in  the  symposium  Proceedings  were  reviews  of  "Some  of 
the  Papers  Presented  at  the  1983  International  Symposium  on  Antennas  and 
Propagation  and  USNC/URSI  Meeting”,  in  Houston,  Texas,  USA, 23-26  May  1983,  and 
"Review  of  Some  Papers  Presented  at  the  1983  URSI  Commission  F  Symposium", 
in  Louvain-la-Neuve,  Belgium,  9-15  June  1983.  Papers  relevant  to  each  of 
the  three  sessions  were  briefly  described  by  Dr.  A.W.  Biggs  (U.S.). 

Brief  summaries  of  the  Final  Round  Table  Discussion  and  the  Closing  Ceremony 
follow  the  technical  evaluation  of  the  three  session. 
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3.  TECHNICAL  EVALUATION 


3.1.  SESSION  I  -  INFLUENCE  OF  RAIN  AND  OTHER  PARTICLES 

CHAIRMAN:  Mr.  M.P.M.  Hall,  Rutherford  Appleton  Laboratory,  Chilton, 
Oxfordshire,  UK 

Introduction 


This  session  examined  particles  in  the  form  of  rain,  ice,  and  dust  and 
sand  from  nuclear  explosions  in  the  microwave  spectrum.  Unfortunately  an 
interesting  paper  (1)  by  E.  Raschke  was  cancelled.  Therefore  only  six 
papers  were  presented.  They  represented  samples  from  a  broad  field,  but 
the  subsequent  discussions  drew  a  wider  range  of  applicability. 

Technical  Evaluation 


Paper  No.  1  was  cancelled.  Based  on  discussions  a  new  paper  (1)  is 
included  in  the  Proceedings. 

The  first  paper,  by  Mr.  L.  Boithias  (2),  was  "Deux  Types  d'Erreurs  Faites 
dans  la  Prevision  de  1 'Attenuation  des  Ondes  par  la  Pluie",  considered 
several  aspects  of  the  prediction  due  to  rain  on  an  earth-space  path. 
Attention  was  given  to  the  correct  modelling  of  rainfall  rate  distribution 
at  a  point,  to  the  structure  modelling  of  its  horizontal  structure,  and  to 
its  vertical  extent.  The  discussion  emphasized  the  first  of  these, 
particularly  for  the  high  rainfall  rates,  but  also  mentioned  the  need  for 
modelling  low  rainfall  rates  for  prediction  of  interference  due  to  scatter 
from  rain  at  frequencies  above  10  GHz. 

Dr.  C.W.  Bostian  (3)  presented  a  very  interesting  paper,  "Ice  Depolarization 
on  Low-Angle  11  GHz  Satellite  Donwlinks,"  which  was  concerned  with  effects 
on  low-angle  paths.  It  concentrated  on  the  effect  of  ice  events  on  the 
cross-polar  discrimination  (XPD)  statistics  on  two  10 . 9°elevation  paths 
operating  in  the  state  of  Virginia  in  the  U.S.,  and  also  on  the  joint 
statistics  with  attenuation.  Ice  effects  were  found  to  be  only  minor, 
relative  to  those  of  rain,  but  they  were  more  significant  on  the  lower 
elevation  paths  than  in  the  case  of  higher  elevations. 

The  paper  by  Dr.  E.E.  Altshuler  (4) ,  "The  Effect  of  a  Low-Altitude 
Nuclear  Burst  on  Millimeter  Wave  Propagation",  described  a  study  of  effects 
on  millimeter  wave  propagation  of  very  high  densities  of  particles,  e.g., 

100  grams  per  cubic  meter,  extending  up  to  very  large  sizes,  e.g.,  100  mm 
radii,  but  the  results  were  presented  in  a  form  which  naturally  occuring  said 
and  dust  storms  could  be  modelled.  As  long  as  the  sizes  do  not  exceed  about 
0.3  mm  radius  (as  likely  to  be  the  case  in  natural  events),  the  attenuation 
due  to  clouds  of  clay  or  sand  particles  is  quite  small.  Immediately  after 
a  nuclear  explosion,  the  effects  would  be  severe,  especially  within  the 
fireball. 


Mr.  A.O.  Gutteberg's  paper  (5)  "Measurements  of  Atmospheric  Effects  on 
Satellite  Links  at  Very  Low  Elevation  Angles",  was  similar  to  Dr.  Bostian's 
paper  in  its  interest  in  low-angle  paths,  but  in  rather  different  climatic 
conditions.  It  described  various  measurements  made  at  only  3.2.°  elevation 
from  a  site  in  the  Arctic  Islands  of  Spitzbergen  at  a  frequency  of  11.8  GHz. 
They  comprised  scintillation,  XPD,  and  site  diversity  improvement  obtained 
with  a  1.1  km  spacing.  Rainfall  is  not  significant  in  this  Arctic  region, 
compared  with  snow  and  sleet. 

Paper  N°  6,  "Blue  Green  Propagation  through  Clouds",  was  read  by  Dr.  H. 

Hodara.  It  was  a  study  of  a  space  to  underwater  link  with  the  adverse 
presence  of  clouds.  A  blue-green  pulse  was  selected  for  minimum  cloud  and 
sea  water  absorption. 

The  final  paper  by  Dr.  S.G.  Gathman  (7) ,  "Effects  of  Meteorology  on  Marine 
Aerosols  and  Optical  and  IR  Propagation",  described  the  formation,  dispersion, 
and  nature  of  aerosols  in  the  marine  boundary  layer.  Their  effects  on  the 
extinction  and  absorption  of  optical  and  infra-red  (IR)  energy  can  be 
predicted  from  a  knowledge  of  the  sea  surface  meteorology,  so  that  meteoro¬ 
logical  forecasting  can  be  the  basis  for  optical  and  IR  forecasting. 

3.2.  Session  II  -  REFRACTION  EFFECTS  INCLUDING  MULTIPATH  AND  LOS  PATH 
Chairman:  Mr.  L.  Boithias,  C.N.E.T.,  Issy-les-Moulineaux,  France 

Introduction 


One  paper  (12)  on  atmospheric  refractive  structure,  multipath,  and  digital 
radio  performance  was  cancelled.  These  subjects  were  extremely  well 
described  in  the  other  11  papers  presented  in  this  session.  The  first  8 


papers  described  radio  wave  propagation,  while  the  last  3  papers  covered 
optical  propagation  in  a  somewhat  tutorial  sense. 

Technical  Evaluation 


"A  System  to  Measure  LOS  Atmospheric  Transmittance  at  19  GHz"  was  presented 
by  Dr.  T.J.  Mousley  IS).  It  described  a  wideband  test  system  for  evaluating 
a  LOS  microwave  link,  subject  to  both  fading  and  multipath.  The  technique, 
using  cross  correlation  between  pseudo-binary  random  sequences,  is  equivalent 
to  a  direct-sequence  spread-spectrum  modulation.  Computer  simulations  and 
preliminary  experimental  results  were  presented. 

M.P.M.  Hall  (9)  described  a  very  interesting  ref ractometer  in  "A  GaAs  FET 
Microwave  Ref ractometer  for  Tropospheric  Studies”.  The  refractometer  has 
been  successfully  tested  in  a  light  airplane  with  on-board  processing.  In 
one  of  the  experimental  studies,  a  large  refractivity  gradient  was  observed 
without  a  corresponding  change  in  the  temperature  profile. 

"Prediction  of  Multipath  Fading  on  Terrestrial  Microwave  Paths  at  Frequen¬ 
cies  of  11  GHz  or  Higher",  was  presented  by  Dr.  D.D.  Crombie  (10).  He  made 
an  analysis  of  multipath  fading  on  18  different  paths  with  lengths  up  to 
58  km,  frequencies  from  10.92  to  36.3  GHz,  in  the  U.K.,  Japan,  and  the  US. 

His  results  would  indicate  that  multipath  fading  probabilities  can  be 
estimated  without  detailed  knowledge  of  climate  of  terrain,  but  with 
knowledge  of  path  clearance  and/or  antenna  beamwidth. 

Mr.  J.  Battesti  (11)  presented  "Effet  de  la  Longueur  du  Bond  sur  la 
Qualite  des  Liaisons  Numdriques  a  Grande  Capacite".  His  results  allow 
calculations  of  fading  depths  for  digital  links. 

Paper  N°  12  was  cancelled. 

Dr.  N.  Amitay  (13)  presented  "Multipagh-Outage  Performance  of  Digital  Radio 
Receivers  Using  Finite-Tap  Adaptive  Equalizers".  This  paper  shows  that  a 
practical  fractionally  spaced  tapped  delay  line  equalizer  can  provide 
digital  radio  outage  performance  like  an  ideal  tap  equalizer.  The  tapped 
delay  line  may  be  viewed  as  a  weighted  Fourier  series  for  making  an 
adaptive  filter  to  minimize  mean  square  distortion. 

Paper  N°  14  on  "Spherical  Propagation  Models  for  Multipath  Propagation 
Models",  by  Mr.  L.P.  Ligthart,  introduced  a  spherical  model  for  path  delay 
computations  in  multipath  fading  conditions.  An  example  was  presented  for 
a  refractive  index  profile  of  a  duct  above  water.  Experimental  verificat¬ 
ion  of  the  model  is  still  to  be  done. 

In  his  paper,  Dr.A.T.A.Th.  Spoelstra  (15)  spoke  about  "Correcting  Radio 
Astronomy  Interferometry  Observations  for  Ionospheric  Refraction”.  He  reviewed 
a  correction  procedure  for  ionospheric  refraction  for  radio  astronomy  inter¬ 
ferometry.  Applications  were  made  for  observations  with  the  Westerbork 
Synthesis  Radio  Telescope. 

"The  Estimation  and  Correction  of  Refractive  Bending  in  the  AR3-D  Tactical 
Radar  Systems",  read  by  Dr.  A.  Morley  (16),  is  the  development  of  techniques 
for  estimating  and  correcting  refractive  bending  in  a  family  of  radar 
systems.  An  algorithm  was  presented  for  an  exact  solution,  but  requiring 
pressure,  humidity,  and  temperature  profiles. 

Mr.  G.  Zaccanti  (17)  described  "Effects  of  Multiple  Scattering  on  the 
Propagation  of  Light  Beams  in  Dense  Nonhomogeneous  Media" .  Calculations 
were  made  with  the  Monte  Carlo  method  for  a  laser  beam  in  a  medium  with 
strong  inhomogeneities.  Experimental  verifications  were  made  later  in  a 
dense  homogeneous  fog  in  a  one  meter  laboratory  chamber,  and  still  later 
in  an  actual  fog  in  field  conditions. 

"Adaptive  Compensation  for  Atmospheric  Turbulence  Effects  on  Optical 
Propagation"  presented  by  Dr.  D.  Greenwood  (18),  was  a  very  interesting 
tutorial  review  of  research  of  optical  waves  in  atmospheric  turbulence, 
followed  by  an  equally  good  review  of  the  adaptive  optics  field.  The 
latter  area  represents  excellent  opportunities  for  research  studies. 

The  last  paper  in  this  session  was  "The  Effects  of  Atmospheric  Turbulence 
on  Optical  Propagation",  presented  by  Dr.R.S.  Lawrence  (19).  Like  the 
previous  paper,  this  paper  was  also  a  good  review  paper  about  the  refractive 
index  of  the  atmosphere,  and  how  it  depends  on  temperature,  humidity, 
and  pressure. 

3.3.  SESSION  III  -  LONG  RANGE  PROPAGATION  INCLUDING  DUCTING  AND  COVERAGE 
PROBLEMS 

Chairman:  Dr.  E.E.  Altshuler,  R.A.D.C.,  Hanscom  AFB,  MA,  USA 


L 


Introduction 


The  papers  presented  in  the  final  session  of  this  meeting  were  concerned 
primarily  with  tropospheric  ducting  and  tropo-scatter  propagation. 
Experimental  results  were  reviewed,  and  tropospheric  models  to  explain 
these  phenomena  were  formulated.  Finally,  several  prediction  models  were 
discussed.  Based  on  the  papers  and  the  subsequent  discussions,  it  can  be 
concluded  that  progress  is  being  made  in  the  understanding  and  in  the 
prediction  of  tropospheric  ducting.  Yet  improved  models  are  still  needed 
in  order  to  provide  the  user  with  the  confidence  he  desires. 

Techn ical  Evaluation 


Mr.  B.  Strauss  (20) ,  in  "Evaluation  de  la  Hauteur  du  Conduit  Tropospherique 
d 'Evaporation” ,  discussed  the  relationship  of  the  height  of  tropospheric 
ducts  with  meteorological  parameters  for  locations  in  the  North  Atlantic 
and  Indian  Oceans.  Comparisons  were  made  between  results  obtained  from  a 
model  and  those  that  were  measured. 

"A  Radio  Interference  Model  for  Western  Europe”,  presented  by  Dr.  S.  Rotheram 
(21),  used  field  strength  measurements  from  land,  sea,  and  mixed  paths  to 
obtain  a  statistical  model  of  field  strength  variations  as  a  function  of 
distance.  He  showed  that  propagation  over  land-sea  paths  was  influenced 
more  by  the  land  section  of  the  path.  He  also  showed  the  frequency 
dependence  to  be  very  weak. 

"Transhorizon  Microwave  Propagation  Measurements  Related  to  Surface 
Meteorological  Parameters",  related  by  Dr.  R.  Ambrosini  (22),  reviewed 
tropo-scatter  measurements  made  at  a  wavelength  of  3  cm  over  both  land  and 
sea  paths.  They  found  that  the  strong  daily  dependence  that  occurred  over 
land  was  essentially  non-existent  over  sea.  They  attribute  this  to  the 
fact  that  meteorological  day/night  differences  are  much  greater  over  land 
than  over  sea. 

Dr.  K.D.  Anderson  (23)  outlined  a  technique  that  is  currently  being  used 
by  the  U.S.  Navy  to  forecast  tropospheric  refractivity  conditions  that 
adversely  affect  the  performance  of  EM  systems  in  "Tropospheric  Propagation 
Assessment".  The  method  uses  a  shipboard  computing  capability  which 
generates  displays  of  system  performance  based  on  inputs  of  refractivity 
data  and  equipment  parameters. 

Dr.  W.G,  Burrows  (24)  modelled  the  troposphere  as  an  array  of  Benard  cells 
in  "Distortion  of  a  Narrow  Beam  in  a  Convective  Medium".  He  explained  that 
the  refractive  index  distribution  in  such  a  cell  structure  may  be  equivalent 
to  a  concave  lens  and  thus  produce  some  of  the  tropospheric  propagation 
phenomena  that  have  been  observed. 

Dr.  H.W.  Ko  (25),  in  "Anomalous  Propagation  and  Radar  Coverage  through 
Inhomogeneous  Atmospheres",  described  a  computer  program  that  has  been 
developed  to  obtain  radar  coverage  predictions  under  conditions  of  anomalous 
propagation.  The  program  has  the  capability  of  handling  refractive  index 
changes  in  both  horizontal  and  vertical  directions.  Results  obtained  from 
this  code  have  been  compared  with  measured  data  and  the  agreement  has  been 
very  favorable. 

In  the  paper  delivered  by  Mr.  D.W.  Taplin  (26),  "The  Prediction  of  Field 
Strengths  in  the  Frequency  Range  30-1000  MHz",  a  large  set  of  VHF  and  UHF 
propagation  data  was  reviewed  in  an  effort  to  obtain  a  more  accurate 
prediction  method.  He  hopes  to  incorporate  these  results  into  a  revision  of 
CCIR  Recommendation  37C  (propagation  from  broadcast  services) . 

"VHF  and  UHF  Propagation  in  the  Canadian  High  Arctic",  read  by  Dr .  S. 
McCormick  (27),  portrayed  results  from  VHF  and  UHF  line-of-sight 
measurements  in  the  Canadian  Arctic.  For  most  of  the  VHF  paths,  the  fading 
was  minimal.  However,  for  two  VHF  paths,  severe  fading  occured  which  was 
believed  to  be  caused  by  ducting.  Unfortunately  there  were  no  meteorologi¬ 
cal  data  available  to  verify  this.  Future  propagation  measurements,  to  be 
supported  with  meteorological  data,  are  planned. 

The  last  paper  of  this  discussion  provoked  a  long  and  stimulating  discussion. 
Flight  Lieutenant  T.  Almond  (28),  in  "Considerations  Pertinent  to 
Propagation  Prediction  Methods  Applied  to  Airborne  Microwave  Equipments", 
summarized  the  needs  of  the  typical  user  regarding  tropospheric  ducts  and 
coverage  diagrams.  He  emphasized  that  the  assumption  of  horizontally 
stratified  layers  of  refractivity  is  often  not  valid,  particularly  in 
regions  of  constantly  changing  air  masses  such  as  those  over  the  North  Sea. 

He  further  emphasized  the  need  for  improved  sounding  techniques  that  would 
lead  to  more  accurate  predictions. 


4.  FINAL  ROUND  TABLE  DISCUSSION  AND  CLOSING  CEREMONY 


The  foilwing  summarizes  the  comments  made  by  the  participants  in  the 
Final  Round  Table  Discussion  and  the  Closing  Ceremony. 

Given  the  complexity  of  the  propagation  medium  and  sophisticated  systems, 
limited  research  funding,  and  the  multitude  of  problems  caused  by 
propagation  limitations  on  systems,  the  discussions  centered  on  two 
questions.  The  first  question  was:  What  modelling  approach  provides  the 
best  results?  The  second  question  was:  How  should  the  most  relevant 
emerging  problems  be  identified  and  prioritized? 

The  resulting  debate  treated  the  advantages  and  disadvantages  of :  site 
specific  models  versus  large,  almost  global  models;  complex  versus  simple 
models;  and  empirical  models  using  long  term  statistics  like  those 
favored  by  CCIR  Commission  5  (because  they  are  required  for  system 
planning)  versus  the  physical  models  favored  by  URSI  that  include  a 
knowledge  of  the  physical  processes  in  the  propagation  medium.  The 
difficult  task  of  selecting  the  most  appropriate  model  is  constrained  by 
the  problem  faced  by  the  system  designer  and/or  system  user,  funding 
available,  ability  to  collect  and  use  the  pertinent  data,  and  the  limits 
to  which  empirical  models  can  be  improved  without  the  additional  knowledge 
that  could  be  provided  by  physical  models. 

Propagation  experts,  systems  engineers,  and  systems  users  all  find  problems 
caused  by  propagation  limitations  on  systems.  The  timeliness  of  the 
resolution  of  these  problems  by  propagation  experts  was  discussed.  Systems 
engineers  would  like  propagation  problems  to  be  identified  and  resolved 
before  new  systems  are  designed.  Propagation  studies  are  somewhat  cyclic 
in  nature.  When  sufficient  knowledge  of  a  particular  phenomenon  for  the 
current  usage  and  technology  is  available ,  propagation  studies  then 
examine  other  phenomena  of  topical  interest.  As  usage  increases  and 
technology  advances  new  problems  emerge  requiring  resolution.  New 
propagation  studies  that  refine  past  propagation  studies  are  then 
initiated. 

From  the  whole  universe  of  propagation  problems,  a  means  to  prioritize  the 
most  relevant  emerging  problems  should  be  established.  Some  governments 
have  recently  established  formal  procedures.  AGARD  and  other  symposia  and 
conferences  enable  propagation  experts,  systems  engineers,  and  systems 
users  to  meet  and  interchange  ideas.  A  benefit  from  these  resident 
meetings  is  the  opportunity  for  participants  to  talk  with  each  other  during 
coffee  breaks,  during  dinner  and  other  social  activities. 

The  topics  covered  at  this  meeting  were  of  timely  interest.  There  was  an 
USRI  meeting  a  few  months  previous  to  this  meeting  and  a  CCIR  meeting  a 
few  months  after  this  meeting  that  have  and  will  cover  related  topics. 

The  Panel  perspective  concerning  propagation  problems  is  different  from 
that  of  CCIR  and  URSI,  but  it  was  generally  agreed  that  the  innovation  at 
this  meeting  to  highlight  the  topics  presented  at  other  recent  symposia 
and  conferences  with  similar  themes  was  beneficial. 
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EXECUTIVE  SUMMARY 


The  following  sunnarizes  the  significant  conclusions  and  recommendations  from  the 
Technical  Evaluation. 


Conclusions i 

o  New  concepts  in  the  modelling  of  ice  and  rain  depolarization  indicate  the 
continuing  interest  in  this  area.  New  models  are  needed  for  prediction  of 
interference  due  to  scatter  from  rain  at  frequencies  greater  than  10  GHz. 

o  Optical  and  IR  propagation  phenomena  are  continuing  to  be  better  understood  in 
terms  of  absorption,  attenuation,  and  forecasting.  This  leads  to  better 
system  design. 

o  Propagation  models  for  multipath  propagation  allow  for  improved  prediction 
techniques.  Finite-tap  adaptive  equalizers  offer  a  good  systems  approach  to 
overcome  multipath  outage  problems. 

o  Adaptive  compensation  for  atmospheric  turbulence  effects  indicates  interesting 
applications  in  the  optical  propagation  field. 

o  Based  on  the  papers  presented,  and  subsequent  discussion,  progress  is  being 
made  in  the  understanding  and  prediction  of  tropospheric  ducting.  Improved 
models  are  still  needed  by  military  and  civilian  users. 

o  Reviews  of  related  URSI,  CCIR,  and  IEEE  meeting  presentations,  given  by  an 
AGARD  participant  who  went  to  one  or  more  of  these  meetings,  were  of 
interest  and  value  to  the  AGARD  participants. 

o  Meetings  such  as  this  AGARD  meeting  provide  valuable  opportunities  for  mixing 
systems  engineers  and  pure  scientific  people  together. 

Recommendations  s 

o  AGARD  should  continue  to  have  meetings  with  a  balance  or  scientific  and 
applied  presentations  with  a  corresponding  balance  of  participants. 

o  Review  of  other  related  meetings  should  continue  at  AGARD  meetings. 
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MODELE  STATIST1QUE  DE  LA  PROPAGATION  PAR 
TRAJETS  MULTIPLES  TROPOSPHER1QUES 

par 

L.Boithias 

Centre  National  d’Etudes  des  Telecommunications 
92131  Issy  les  Moulineaux 
France 


Dans  la  discussion  de  certaines  contributions  on  a  mentlonne  un  certain  modele  statistique 
de  propagation  par  trajets  multiples.  Comme  ce  modele  a  ete  presente  dans  plusieurs  publications  [1] 
[2],  on  se  limitera  a  un  bref  resume. 

On  salt  que  la  distribution  des  niveaux  regus  sur  une  liaison  en  visibility,  qui  ne  comporte 
pas  de  reflexions  stables  sur  le  sol,  peut  etre  representee  en  general  par  une  loi  de  Rice-Nakagami , 
car  cette  loi  donne  la  distribution  statistique  de  la  somme  d'un  vecteur  deterministe  et  d'un  vecteur 
aleatoire.  Lorsque  le  vecteur  deterministe  a  une  amplitude  nulle  ou  negligeable  on  obtient  une  loi 
de  Rayleigh.  Le  probleme  essentiel  est  de  trouver  les  relations  qui  existent  entre  les  parametres 
de  la  distribution  et  les  parametres  de  la  liaison  (distance,  frequence,  climat,  etc...).  Dans  le 
present  modele  ces  relations  decoulent  des  propositions  suivantes  : 

1)  La  somme  de  la  puissance  transportee  par  le  vecteur  deterministe  et  de  celle  transportee 
par  le  vecteur  aleatoire  est  une  variable  aleatoire  dont  la  moyenne  est  egale  a  la  puissance  regue 
en  espace  libre  et  l'ecart-type  est  proportionnel  a  la  distance.  Pour  les  distances  inferieures  a 
environ  50  km  l'ecart  type  peut  etre  considere  comme  nul,  c'est-a-dire  que  la  somme  des  puissances 
est  une  grandeur  non  aleatoire. 

2)  La  puissance  transportee  par  le  vecteur  deterministe  decrolt  de  fagon  exponentielle  avec 
la  distance. 


En  se  plagant  dans  le  cas  des  distances  asset  courtes,  en  designant  par  P  et  P^  les  puissances 
respectives  du  vecteur  deterministe  et  du  vecteur  aleatoire,  et  en  prenant  comme  reference  la  puissance 
regue  en  espace  libre,  les  propositions  ci-dessus  s'ecrivent  : 


ft  -  1 
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A  etant  une  longueur  qui  depend  de  la  frequence  et  du  climat.  Si  on  pose  en  outre 

cl 

la  probability  d'un  niveau  inferieur  a  x  s'ecrlt  : 
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La  figure  1  donne  les  distributions  ainsi  calculees  pour  un  certain  nombre  de  distances,  en 
choisissant  une  valeur  de  265  km  pour  A  ,  car  cette  valeur  permet  le  meilleur  ajustement  avec  les 
resultats  experimentaux  a  4  GHz  en  climat  tempere.  Pour  des  frequences  differentes  on  peut  admettre 
que  A  est  inversement  proportionnel  a  la  racine  quatrieme  de  la  frequence,  c'est-a-dire  : 


On  doit  noter  qu'il  revient  au  meme  de  multiplier  la  valeur  de  A  par  un  facteur  ou  de  diviser 
la  valeur  de  la  distance  par  ce  meme  facteur.  En  d'autres  termes  les  courbes  de  la  figure  1  sont  des 
courbes  universelles  a  condition  de  considerer  les  distances  indiquees  comme  des  "distances  equivalen- 
tes"  et  de  les  multiplier  par  un  facteur  convenable  pour  la  frequence  et  le  climat  consideres.  Par 
exemple  on  a  constate  que  sur  une  liaison  de  43  km  aux  Etats-Unis,  on  a  obtenu  pratiquement  la  meme 
distribution  que  sur  une  liaison  de  75  km  en  Europe. 

Si  on  considere  seulement  des  niveaux  regus  tres  faibles  (c'est-a-dire  des  attenuations  ele- 
vees)  et  des  distances  assez  grandes,  on  volt  sur  la  figure  1  que  les  courbes  sont  pratiquement  des 
droltes  paralleles  et  on  cons^a^e  en  outre  que  l'influence  de  la  distance  peut  etre  representee  appro- 
ximativement  par  une  loi  en  <y ’  .  Cette  remarque  justlfie  certaines  formules  approchees  souvent  utili- 
sees,  mals  on  volt  que  ces  formules  approchees  ont  un  domaine  de  validite  limite  et  ne  sont  pas  utili- 
sables  pour  des  distances  courtes. 

De  meme  dans  le  cas  des  niveaux  regus  tres  faibles  la  pente  de  la  distribution  est  la  meme 
que  pour  une  distribution  de  Rayleigh,  c'est-a-dire  10  dB  par  decade  de  probability.  Mais  pour  des 
niveaux  regus  plus  eleves,  c'est-a-dire  pour  de  faibles  attenuations,  la  pente  est  nettement  plus 
faible  que  celle  d'une  distribution  de  Rayleigh. 

Si  on  considere  des  niveaux  regus  voisins  de  1’espace  libre,  on  peut  montrer  que  la  distribu¬ 
tion  est  pratiquement  equivalente  a  une  distribution  gaussienne,  ce  qui  correspond  au  phenoroene  de 
scintillation. 
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Abstract  :  For  the  prediction  of  wave  attenuation  due  to  rain  a  number  of  methods  have  been  proposed.  Most 
of  them  take  as  aim  to  derive  the  statistical  distribution  of  attenuation  on  a  path  from  the  statistical 
distribution  of  rain  rate  at  a  point  of  the  path •  For  that,  these  methods  require  the  choice  of  a  space 
model  of  rainy  area  or  rainy  volume. 

If  appears  that,  in  these  models,  two  erroneous  assumptions  have  been  often  made. 

1.  In  the  horizontal  rain  model  there  has  been  a  confusion  In  the  general  concept  of  rain  cell, 
between  the  rainy  area  of  15  to  20  kilometres  in  diameter  which  has  to  be  considered  for  rain  attenuation 
and  the  "core"  of  a  few  kilometres  in  diameter  which  has  to  be  considered  for  rain  scatter. 

2.  In  the  vertical  rain  model  there  has  been  a  confusion  between  the  vertical  extent  of  rain  fall 
and  the  height  of  0°  isotherm.  In  fact  these  quantities  may  be  signifiantly  different  especially  for  low 
latitudes . 

These  two  erroneous  asumptions  have  somewhat  delayed  the  elaboration  of  a  simple  and  reliable  rain 
model  for  the  prediction  of  rain  attenuation. 


Sommaire  :  Pour  la  prevision  de  1 ‘attenuation  des  ondes  par  la  pluie,  un  certain  nombre  de  ra£thodes  de  cal- 
cul  ont  ete  proposees.  La  plupart  d’entre  elles  ont  comme  object  if  de  determiner  la  distribution 
statistique  des  attenuations  sur  un  trajet  a  partir  de  la  distribution  statistique  des  intensites  de  pluie 
en  un  point.  Elles  doivent  done  utiliser  une  modelisation  spatlale  de  la  zone  pluvieuse.  On  constate  que 
pour  une  modelisation,  deux  hypotheses  erronees  ont  ete  souvent  faltes  : 

1.  Pour  la  modelisation  horizontal  de  la  pluie,  on  a  confondu  sous  le  concept  general  de  cellule  de 
pluie  d'une  part  la  zone  pluvieuse,  ayant  15  a  20  kilometres  de  dlametre,  qui  intervient  pour  l'attenuat ion 
et  d' autre  part,  le  "noyau"  ayant  quelques  kilometres  de  dlametre,  qul  intervient  principalement  pour  la 
diffusion. 

2.  Pour  la  modelisation  verticale  de  la  pluie,  on  a  confondu  l*£tendue  verticale  d'une  precipitation 
avec  la  hauteur  de  l'isotherme  0°,  alors  que  ces  deux  quant ites  peuvent  etre  tr£s  differentes  surtout  aux 
basses  latitudes. 

Ces  deux  hypotheses  errones  ont  sensiblement  retarde  la  raise  au  point  d'une  raethode  simple  et  fiable 
pour  le  calcul  de  1' attenuation  des  ondes  par  la  pluie. 


1  -  INTRODUCTION 


Lorsque  1 ' ut ilisat ion  des  frequences  superieures  a  environ  10  GHz  a  commence  a  etre  envisagee  par 
les  services  de  telecommunication,  et  qu'il  a  done  fallu  s'int£resser  a  1 'attenuat ion  des  ondes  radio- 
electriques  par  la  pluie  on  s'est  aperqu  que  les  renseignements  pluviom£trlques  que  l'on  pouvalt  obtenir 
des  services  de  Meteorologie,  etaient  extremement  limites  et  tres  insuffisants  pour  les  besoins  des 
services  de  Telecommunications.  Cette  situation  a  une  double  cause  : 

a)  la  structure  de  la  pluie  esc  extremement  compliquee  et  tres  difficile  a  modeliser  dans  le  temps  et  dans 
l'espace,  surtout  si  on  doit  tenir  corapte  de  la  structure  verticale. 

b)  les  "clients"  habituels  des  services  meteorologiques,  e'est-a-dire  principalement  l 'agriculture ,  le 
transport  aerien  et  les  travaux  publics,  n'ont  pas  besoin  de  connaitre  avec  precision  la  structure  fine  de 
la  pluie,  ni  ses  variations  rapldes. 

La  consequence  de  cette  situation  a  ete  que  les  services  de  telecommunications  ont  dO  faire 
eux-ra@mes  des  mesures  de  pluie ,  parfois  mSme  en  developpant  des  pluviomdtres  capables  de  don ner  des  mesures 
plus  fines  que  celles  obtenues  avec  les  appareils  courants  utilises  par  les  services  meteorologiques . 

Une  autre  consequence  de  cette  mauvalse  connaissance  de  la  pluie  a  ete  l'eiaboration  de  raodeles  trop 
simplifies  qul  se  sont  averes  par  la  suite  dangereux  a  utiliser  sans  precaution  pour  certains  calculs.  On 
va  donner  quelques  exemples  de  cette  situation. 

2  -  CLASSIFICATION  DES  PRECIPITATIONS 

A  titre  d' informat  Ion,  on  rappelle  la  faqon  habituelle  de  classer  les  precipitations. 

Dans  les  regions  temperees,  on  classe  genera  lenient  les  precipitations  en  deux  types  :  stratif  rmes 
et  convectives.  Dans  les  regions  troplcales  ou  equatoriales  11  s'y  ajoute  deux  autres  types,  le  cyclone  et 
la  pluie  de  mousson. 


Une  precipitation  stratlforoe  couvre  one  vaste  region  qui  peut  attelndre  plusleurs  centaines  de 
kilometres  avec  une  faible  intensite  de  precipi tat  ion ,  gentralement  inferieure  £  10  mm/h,  mais  elle  peut 
contenir  de  petites  averses  allant  jusqu'£  25  mm/h.  La  precipitation  est  £  stratification  horizontale 
elle  est  constitute  de  pluie  jusqu'£  une  altitude  voisine  de  la  couche  de  fusion  (qui  peut  ttre  au-dessous 
de  0°C  £  cause  des  phenomenes  de  surfusion),  puis  de  neige  jusqu'a  l'altitude  d'environ  7  km  et  de  cristaux 
de  glace  jusqu’£  environ  9  km.  Une  precipitation  stratiforme  est  souvent  associte  au  passage  d'un  front 
c'est-£-dire  d'une  discontinuity  de  temperature  dans  les  masses  d'air*  Elle  peut  done  avoir  une  dimension 
tr£s  grande  dans  la  direction  perpendiculaire  au  dtplaceraent  du  front. 

Une  zone  de  precipitations  connectives  a  des  dimensions  horizontales  totales  qui  ne  depassent  guere 
15  km,  mais  une  hauteur  trts  elevte  pouvant  atteindre  la  tropopause.  Cette  masse  d'air  est  animte  de 
mouvements  verticaux  tr£s  intenses  dus  au  fait  qu'elle  se  trouve  au-dessus  d'un  sol  ayant  ete  fortement 
chaufft  par  le  Soleil.  Elle  contient  des  precipitations  extr£mement  intenses,  accompagntes  de  foudre  et 
ayant  des  dimensions  horizontales  de  quelques  kilometres  et  des  durtes  de  quelques  dizaines  de  minutes. 
Ces  precipitations  constituent  les  orages, 

Une  pluie  de  mousson  est  constitute  d'une  sequence  de  bandes  de  precipitations  convectives  intenses 
suivies  d' intervalles  de  precipitations  stratif ormes .  Ces  bandes  peuvent  avoir  50  km  de  largeur  et 
plusleurs  centaines  de  kilometres  de  longueur*  Elies  donnent  lieu  £  des  fortes  pluies  qui  peuvent  durer 
plusleurs  heures. 

Un  cyclone  est  caracttrise  par  plusleurs  bandes  de  precipitations  intenses  enroultes  en  spirale  et 
s'etendant  sur  des  centaines  de  kilometres.  Au  centre  de  la  spirale  existe  une  zone  de  calme  (oeil  du 
cyclone) . 

3  -  OBSERVATION  ET  MESURE  DES  PRECIPITATIONS 

La  source  d' Information  la  plus  simple  et  la  plus  courante  sur  les  precipitations  pluvleuses  est 
constitute  par  les  donntes  fournies  par  les  pluviomt tres .  On  obtient  alnsl,  au  molns  en  principe,  les 
statistiques  d'intensitts  de  pluie  et  de  durte  des  precipitations  en  un  point.  En  rtalitt,  les 
caracttristiques  des  equiperaents  cholsis  par  la  plupart  des  services  me ttorologiques  pour  les  mesures  de 
routine  ne  permettent  pas  d'atteindre  les  fortes  intensites  de  pluie  ni  les  prtclpltat ions  de  courte  duree* 
Dans  la  plupart  des  cas  il  est  impossible  de  connaitre  1* intensite  de  pluie  sur  des  intervalles  de  temps  de 
1  minute.  De  mtrae  les  valeurs  suptrieures  £  environ  50  mm/h  sont  generalement  entachees  d'erreurs.  C'est 
d'ailleurs  pour  cette  raison  que  les  services  de  telecommunications  ont  ett  aments  £  dtvelopper  des 
pluviometres  mieux  adaptts  £  leurs  besoins. 

La  source  principale  d'informat ion  sur  la  structure  spatiale  des  precipitations  est  fournie  par  les 
radars  mtttorologiques ,  qui  mesurent  en  rtalite  la  reflectivitt  des  zones  contenant  des  particules  d'eau. 
Or  la  reflectivitt  depend  du  nombre  et  du  diametre  de  ces  particules.  Comme  1' intensite  de  pluie  depend  des 
ratines  grandeurs,  il  y  a  une  relation  entre  la  reflectivitt  et  1' intensite  de  pluie*  Cependant  la  forme  de 
cette  relation  fait  que  le  radar  est  un  instrument  peu  precis  pour  la  mesure  absolue  des  intensites  de 
pluie.  Il  fournit  la  repartition  spatiale  des  zones  de  pluie  £  un  instant  donnt ,  mais  avec  une  resolution 
pas  tou jours  suffisante.  Grtce  £  l'utilisation  de  l'effet  Doppler  le  radar  permet  aussi  de  determiner  la 
vltesse  de  deplacement  des  elements  diffusants. 


4  -  STRUCTURE  HORIZONTALE  DE  LA  PLUIE 


Pour  les  probltmes  relatifs  aux  liaisons  entre  deux  points  £  1» surface  de  la  Terre,  e'est-a-dire  les 
probltmes  d'atttnuation  sur  un  trajet  ou  de  brouillage  dQ  £  la  diffusion  par  la  pluie,  11  suffit  de 
considerer  la  structure  horizontale  des  precipitations  en  tenant  compte  des  variations  temporelles  de  cette 
structure • 

D'aprts  ce  qui  a  ttt  dit  plus  haut  on  peut  considtrer  que  les  pluies  stratiformes  n’  interviennent 
que  pour  les  falbles  attenuations,  c'est-a-dire  les  attenuations  non  depassees  pendant  plus  de  0,1  X  du 
temps  environ.  Or,  les  attenuations  qui  ont  le  plus  d'importance  pour  les  performances  de  la  liaison  sont 
plutSt  celles  qui  sont  dtpasstes  pendant  0,01  X  a  0,001  %  du  temps,  et  ces  precipitations  sont  £  peu  pres 
excluslvement  d'origine  convective  e'est-a-dire  orageuse. 

4.1.  Point  de  vue  meteorologlque 

L ' observation  radar  montre  que  les  precipitations  sont  formtes  d'tltments  d'tchelle  difftrente 
imbriquts,  un  tltment  d'tchelle  donnte  renfermant  tou jours  un  ou  plusleurs  elements  d'tchelle  inftrieure 
[l],  Ces  sous  structures  sont  assocites  £  des  variations  dans  l'espace  et  dans  le  temps  de  l'intensltt  des 
prtclpl tations • 

Pour  dtcrire  ces  structures  imbrlqutes  on  utilise  couramment  le  terme  de  "cellule",  et  de  ce  fait 
une  cellule  est  constitute  par  d'autres  cellules  plus  petites*  Certains  auteurs  ont  ttudlt  la  distribution 
statlstique  du  nombre  de  cellules  d'intensitt  donnte  contenu  £  1'lnttrieur  d'une  cellule  d'intensitt  plus 
faible [2^  Par  exemple  £  l'inttrieur  d'une  cellule  dtfinie  par  un  seuil  de  10  mm/H  on  auralt  une  probability 
de  10  X  de  trouver  4  cellules*  Cette  ambiguitt  dans  l'emploi  du  terme  cellule  n'est  pas  trts  grave  si  on 
reste  £  un  point  de  vue  descriptif  et  qualitatif,  mais  elle  devient  source  de  confusion  dts  qu'on  envisage 
de  chiffrer  les  dimensions  de  ces  cellules.  La  figure  1  illustre  la  dispersion  des  rtsultats  auxquels  on 
about  it.  Il  est  evident  que  pour  les  auteurs  de  ces  di  verses  courbes,  le  terme  cellule  n'a  pas  la  ratrae 
signification  [3]  .  Pour  tviter  cela,  certains  ont  propost  de  faire  une  distinction  entre  les  cellules 
et  les  noyaux  des  cellules,  mais  cette  terminologie  n'a  pas  ttt  universellement  adoptte* 

4.2.  Point  de  vue  radiotlectrlque 

Considtrons  maintenant  le  point  de  vue  radiotlectrlque*  Les  deux  principaux  effets  de  la  pluie  sont 
d'une  part  I'atttnuation  sur  un  trajet  entre  deux  points,  et  d'autre  part  le  couplage  entre  deux  trajets 
qui  se  crolsent,  dfl  £  la  diffusion  par  les  particules  d'eau  situtes  dans  le  volume  commun  aux  lobes  des 
antennes  * 


Dans  le  cas  habituel  oft  le  couplage  par  diffusion  se  fait  par  1' IntermSdiaire  des  lobes  prlncipaux 
des  antennes ,  le  volume  de  l'atmosphftre  qul  lntervlent  dans  le  couplage  es  t  extremement  petit*  Par  exemple 


le  lobe  principal  d'une  antenne  de  station  terrlenne  de  classe  A  a  une  section  transversale  de  l'ordre  de 
300  id  3  la  distance  de  100  km.  II  est  done  clair  que  dans  ce  cas  ce  sont  les  element  structuraux  relatlve- 
ment  r£duits  const! tues  par  des  maximums  locaux  d'intensite  de  pluie  qui  creeront  le  couplage ,  le  reste  de 
la  zone  pluvieuse  ayant  plutSt  un  effet  contraire  a  cause  de  son  attenuation.  Si  on  £tudie  la  diffusion  par 
la  pluie  on  est  done  conduit  3  consid^rer  des  dimensions  de  cellules  de  1  d  2  km.  (figure  2). 

Si  par  contre  on  s'interesse  a  1* attenuation  sur  un  trajet  terrestre,  le  volume  de  l'atmosphere  qui 
intervient  est  beaucoup  plus  etendu,  surtout  dans  la  direction  du  trajet,  et ,  contrairement  au  cas 
precedent,  l'effet  est  cumulatif  a  travers  toute  la  zone  pluvieuse.  On  est  alors  amene  a  conslderer  soit  la 
presence  simultanee  de  plusieurs  des  petites  cellules  mentionnees  ci-dessus,  soit  un  modele  comportant  une 
seule  cellule,  mais  de  taille  beaucoup  plus  grande  (5  a  15  km  par  exemple).  En  aucun  cas  on  ne  doit 
conslderer  une  seule  petite  cellule,  contrairement  a  ce  qui  est  fait  dans  certalnes  methodes. 

Cette  constatation  n'a  rien  de  tres  nouveau,  et  il  est  bien  connu  que  pour  modellser  un  phenomftne 
physique  on  est  souvent  conduit  a  etablir  plusieurs  modeles  dlfferents  suivant  1' usage  envisage  .  Cependant 
la  meconnaissance  de  ce  fait  a  conduit  d  1 'etablissement  de  methodes  de  prevision  de  1 'attenuation  basees 
sur  des  dimensions  de  cellules  adaptees  d  la  prevision  de  la  diffusion  et  non  de  l'attenuatlon.  De  ce  fait, 
ces  methodes  se  sont  aver£es  compldtement  erronees  dans  certains  cas,  et  done  dangereuses  a  utillser. 

Pour  la  prevision  des  attenuations,  si  on  utilise  une  methode  "d 'Squiprobabili te"  c' est-a-dire  une 
methode  dans  laquelle  on  associe  1' attenuation  et  l'intensite  de  pluie  qui  correspondent  au  meme 
pourcentage  de  temps,  le  probleme  de  la  modelisatlon  ne  se  pose  pratlquement  pas,  pulsqu'on  fait  intervenir 
une  distance  equivalente,  determlnee  en  general  de  fa£on  emplrique.  Par  contre  le  cholx  du  modele  de  pluie 
est  d 1 une  importance  capitale  dans  les  methodes  "d 1  integration"  dans  lesquelles  on  effectue  la  sommation 
des  contributions  de  toutes  les  intensites  de  pluie,  en  tenant  compte  de  leurs  probabilites  respect  Ives. 
Le  resultat  obtenu  depend  du  "prodult"  de  deux  facteurs,  d'une  part  la  dimension  de  la  cellule  de  pluie 
d'autre  part  lf intensity  de  pluie  associee.  II  est  done  possible  de  compenser  une  sous-estimation  de  lfun 
des  facteurs  par  une  surestimation  de  1’ autre,  mais  e'est  un  proced£  trfts  dangereux  car  en  g€n€ral  la 
compensation  n'a  lieu  que  pour  un  ensemble  restrelnt  de  valeurs  des  facteurs. 


Pour  les  statistlques  d' Intensites  de  pluie  on  sait  que  les  modeles  les  plus  courants  de  distribu¬ 
tion  sont  representes  par  la  lol  log-normale  pour  les  faibles  Intensites  de  precipitation  et  par  la  loi 
gamma  pour  les  fortes  intensites.  Pour  les  intensites  "moyennes"  qui  jouent  un  grand  rSle  dans  les 
problemes  d' attenuation,  c'est-a-dlre  20  a  80  mm/h  environ,  les  deux  modeles  donnent  des  representations 
acceptables.  Par  contre  si  on  doit  faire  intervenir  dans  les  calculs  des  fortes  intensites  de 
precipitation,  le  choix  du  modele  n'est  pas  indifferent.  Pour  lllustrer  ce  fait,  conslderons  deux 
distributions  (log-normale  et  gamma)  donnant  la  meme  valeur  d'intensite  de  pluie  pour  10“  2  %  ainsl  que 
pour  10  “3  %  du  temps.  On  constate  que  la  densite  de  probability  au  voisinage  de  300  mm/h  est  environ  6 
fois  plus  grande  avec  la  lol  log-normale  qu'avec  la  loi  gamma.  Vers  600  mm/h  le  rapport  est  d'envlron  1000 
(Fig.  3  et  A).  En  outre  une  petite  variation  dans  l'ajustement  du  modele  aux  valeurs  mesurees  pourra  se 
traduire  par  une  variation  extremement  importante  pour  les  intensites  superieures  a  quelques  centaines  de 
mm/h.  La  modelisatlon  par  une  loi  log-normale  pour  les  tres  fortes  intensites  de  pluie  ne  devrait  plus  @tre 
prise  en  consideration. 


On  peut  done  conclure  que  les  m€thodes  utilisant  1' integration  sur  toute  la  gamme  possible  des 
intensites  de  pluie,  blen  que  plus  satlsfaisantes  d'un  point  de  vue  theorique,  doivent  etre  utilisees  avec 
beaucoup  de  prudence,  car  elles  necessitent  une  modelisatlon  extremement  precise  a  la  fols  des  dimensions 
des  cellules  et  des  distributions  d'intensite  de  pluie.  Leur  succes  apparent  lorsque  les  erreurs  des 
modules  se  compensent,  par  exemple  pour  certains  regimes  pluvieux,  ne  doit  pas  cacher  les  resultats 
aberrants  que  l'on  obtlent  lorsque  la  compensation  ne  joue  pas,  par  exemple  en  cllmat  tropical. 

Pour  cette  raison,  il  est  heureux  que  le  CCIR  se  soit  oriente  vers  des  methodes  d'^quiprobablll te . 


5  -  STRUCTURE  VERTICALE  DE  LA  PLUIE 


Les  trajets  Terre  Satellite  traversent  toute  l'epaisseur  de  la  zone  orageuse  c'est-£-dire  a  la  fols 
la  region  oft  les  gouttes  de  pluie  tombent  vers  le  sol  et  la  region  des  nuages  ou  les  partlcules, 
parti el lement  ou  totalement  congel^es,  subissent  des  mouveraents  de  toutes  directions  en  raison  des  courants 
ascendants  et  des  vents. 

La  premiftre  modelisatlon  envisagee  a  6te  de  supposer  que  la  pluie  tombalt  depuls  l'lsotherme  0°  et 
que  la  chute  de  pluie  remplissalt  toute  l'epaisseur  comprise  entre  cette  isotherme  et  le  sol.  Ce  modile  a 
ete  utilise  pendant  un  certain  temps  par  le  CCIR.  Cependant  l’experience  a  montre  qu’ 11  ne  convenalt  pas, 
ce  qui  pouvait  d' ail leurs  @tre  prevu  a  partlr  de  quelques  reraarques  simples  : 

1.  Il  peut  exlster  de  l'eau  en  surfuslon  bien  au  dessus  de  l'lsotherme  0°.  En  outre  les  partlcules 
de  glace  part i el lement  fondues  peuvent  aussi  provoquer  un  af f a ibli ssement  notable. 
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2.  Les  gouttes  de  plule  tombent  avec  une  vitesse  finie  qui  ne  depasse  pas  de  10  a  12  m/s  pour  les 
gouttes  les  plus  grosses  et  qui  est  nettement  plus  faible  pour  les  gouttes  de  petite  tallle.  Une  goutte  de 
pluie  a  done  une  duree  de  chute  de  l'ordre  de  10  minutes,  ce  qui  est  du  m§me  ordre  de  grandeur  que  la 
duree,  en  un  point,  d'une  averse  de  forte  intensity.  En  d'autres  termes,  une  colonne  d'atmosphere  comprise 
entre  le  sol  et  1'altitude  d'ou  tombent  les  gouttes  de  pluie  n'est  pratiquement  jamais  occupee  entierement 
par  un  flux  intense  de  gouttes  de  pluie.  Si  on  veut  modeliser  une  "cellule  de  pluie  en  volume",  par  une 
forme  g$om£trique  simple,  il  serable  qu'un  cylindre  ayant  2  a  4  km  de  hauteur  moyenne  serait  convenable.  Les 
dimensions  hori2ontales  du  cylindre  dependent  de  I'application  consideree,  alnsi  qu'on  l'a  explique  plus 
haut.  A  un  instant  donne  ce  cylindre  peut  se  trouver  en  une  position  quelconque  entre  le  sol  et  une 
altitude  d’isotherme  negative,  par  exemple  -10°  ou  -15°.  En  outre,  il  peut  exister  simultanement  plusieurs 
cylindres  d£cales  horlzontalement  et  verticalement  (Figure  5). 

On  peut  deduire  de  ces  remarques  qu'il  n'y  a  aucune  relation  directe  entre  la  hauteur  de  l'isotherme 
0°  et  l’epaisseur  de  la  pluie  a  un  instant  donne,  puisque  ces  deux  grandeurs  ne  dependent  pas  des  mimes 
parametres.  L' introduction,  parfois  envisagee,  dfun  coefficient  de  reduction  pour  passer  de  l'une  a  I'autre 
est  done  completement  artificielle  et  n'a  aucune  justification  thiorlque-  En  particulier  on  peut  prevoir 
que  l'epaisseur  de  la  pluie  doit  dependre  assez  peu  de  la  latitude  sauf  eventuellement  pour  les  latitudes 
tres  elevees,  alors  que  l'altitude  de  l'isotherme  0°  en  depend  fortement.  Il  peut  mime  tomber  des  gouttes 
de  pluie  surfondues  alors  que  la  temperature  au  sol  est  negative. 

Comme  pour  les  trajets  terrestres,  le  CCIR  considere  seulement  des  methodes  d'iquiprobabili te ,  pour 
la  prevision  des  attenuations  sur  les  trajets  Terre-satellite.  Cependant ,  la  situation  dans  ce  cas  est 
beaucoup  plus  complexe  et  les  donnees  experimentales  rassemblees  par  le  CCIR,  a  partir  de  mesures  sur  des 
balises  de  satellites  ou  de  mesures  radioraetriques  ne  font  pas  apparattre  clairement  1* influence  de  la 
latitude  ou  de  l'angle  d'elevation  sur  l'attenuation.  Il  reste  done  encore  beaucoup  de  travail  a  faire  dans 
ce  domalne. 

6  -  CONCLUSION 

On  a  seulement  voulu  attirer  l'attention  sur  des  possibllltis  d'erreurs  dans  la  modelisation  de  la 
pluie  et  les  consequences  de  ces  erreurs  pour  la  privision  des  attenuations  •  Rappelons  a  ce  sujet  que  la 
qualite  principale  d'une  methode  de  prevision  est  la  fiabilite.  Il  est  prefirable  d'avoir  une  mithode  de 
quail te  moyenne  raais  dont  on  est  sur  qu'elle  ne  donnera  jamais  de  resultats  tres  errones  plut6t  qu'une 
methode  donnant  de  faqon  plus  ou  moins  aliatoire,  tantot  des  resultats  excellents,  tantot  des  resultats 
aberrants . 
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l  ig-5:  Modelisation  verticale  de  la  pluic  a  un  instant  donne  . 


DISCUSSION 


T.  Almond  (U.K.):  You  stated  that  the  log-normal  law  was  not  correct  for  rainfall  intensities  above  S'1 
mm/h.  I  was  not  clear  how  you  had  established  this  fact  as  you  stated  that  it  was  difficult  to  ot-ain 
actual  figures  of  rainfall  intensity  of  sufficient  reliability  (i.e.,  at  less  than  one  minute  time 
intervals). 

L.  Boithias  (France):  Les  mesures  faTtes  avec  les  pluviomStres  les  plus  rapides,  et  m8me  en  applicant  une 
correction  empirique,  donnent  une  rapiditS  de  croissance  de  I’intensitS  de  pluie,  pour  des  pourcentages 
de  temps  dScroissants,  qui  est  toujours  trop  petite  6tre  compatible  avec  une  loi  log-normale. 

E.  Vilar  (U.K.):  I)  We  have  found  in  the  field  of  tropospheric  scintillations  that  one  has  to  modify  the 
distribution  of  the  fluctuations  (log-normal)  so  as  to  fit  the  long  term  experimental  distribution  which 
includes  fractional  probabilities  down  to  0.001  percent.  The  modification  involves  considering  the 
distribution  of  the  variance  which  is  no  longer  constant  (stationary  process),  but  random.  I  wonder 
whether  this  is  the  reason  why  the  log-normal  distribution  for  precipitation  rate  is  unsatisfactory  to 
explain  the  "tails"  of  the  distribution  which  are  responsible  for  the  small  percent  of  the  time  considered. 

2)  Surely  what  matters  in  planning  a  telecommunication  line  is  not  only  the  excess  precipitation 
rate  but  also  the  duration  of  the  events,  in  order  to  avoid  overdesigning  the  system.  This  then  leads  to 
a  conditional  probability  of  excess  precipitation  rate  and  of  duration  of  events.  Could  you  comment  on  the 
possible  need  and  availability  of  such  information? 

L.  Boithias  (France):  I)  II  faut  peut  8tre  chercher  une  cause  physique  &  cette  reduction  de  "pente"  de  la 
distribution  par  rapport  ou  la  pente  de  la  distribution  log-normale,  les  trSs  fortes  intensitSs  de 
precipitation  Stant  prlorqueles  par  un  mecanisme  different  de  celui  des  intensitis  faibles  et  moyennes. 

2)  Jusqu’S  present  le  CCIR  n'a  pas  etable  de  Recommendations  sur  la  dur£e  cumulee.  Ce  dernier 
parameter  est  done  le  plus  important  S  connaitre. 

J.T.A.  Neesen  (The  Netherlands):  1)  In  Figure  3  you  have  shown  some  discrepancy  between  the  log-normal  and 
gamma  distributions.  Can  you  give  the  parameters  of  distributions  shown  in  Figure  3?  These  parameters  may 
be  different  for  the  distinguished  rain  climate  zones. 

2)  To  account  for  the  horizontal  structure  of  rain,  some  theories  use  the  horizontal  reduction 
coefficient  In  connection  with  the  equivalent  path  length  concept.  The  value  of  the  reduction  coefficient 
may  be  related  to  the  rain  rate  or  time  percentage.  What  Is  the  best  choice,  the  reduction  coefficient  as 
a  function  of  the  rain  rate  or  the  reduction  coefficient  as  a  function  of  the  time  percentage? 


L.  Boithias  (France):  1)  La  figure  3  £tait  destin£e  en  particular  £  montrer  la  difference  des  "pentes" 
des  distributions  des  tr&s  fortes  intensities  de  pluie  suivant  le  module  choisi,  et  S  justifier  le  choix 
par  le  CCIR  d'une  methode  d ‘£qu i probab i I i t£  pour  la  prevision  des  attenuations,  car  cette  methode  est 
independente  de  cette  pente,  Au  dessous  de  20  mm/h  environ,  dans  tousles  cl imats  la  distribution  peut 
@tre  repr'esentee  par  une  distribution  log-normale. 

2)  La  figure  5  concerne  une  model ization  des  "cellules'1  des  fortes  intensites  de  pluie.  Elle  ne 
tient  pas  compte  des  pluies  de  faible  intensite  qui  peuvent  rel ier  ces  cellules  entre  elles.  En  outre 
c'est  un  module  "moyen"  et  il  peut  y  avoir  des  situations  differentes. 

3)  Instead  of  the  0°  isotherm,  one  may  use  the  concept  of  effective  height  to  account  for  the 
vertical  structure  of  rain.  Do  you  think  that  this  technique  is  appropriate  for  the  prediction  of  slant 
path  attenuation? 

L.  Boithias  (France):  1)  La  figure  3  est  seulement  destin£e  S  comparer  les  "pentes,"  pour  les  faihles 
pourcentages  de  temps,  des  deux  distributions  log-normale  et  gamma  qui  correspondra i ent  aux  mSmes  valeurs 
de  lMntensit€  de  pluie  pour  0.01  %  et  pour  0.001  %  du  temps.  La  distribution  log-normale  a  une  pente  qui 
est  extr&mement  forte  et  puis  augmente  quand  1* intensity  de  pluie  augmente,  ce  qui  est  en  contradiction 
avec  les  rgsultats  des  mesures,  m@me  en  appliquant  des  corrections  pour  tenir  compte  du  temps  d ' int£grat ion 
des  pi uviomfctres.  Evid&mment  dans  chaque  climat  on  doit  ajuster  les  paramdtres  du  d i st r i buteur . 

2)  L 'affai b 1 i ssement  sp£cifique  est  reli£  h  l'intensit£  de  pluie.  Si  on  choisit  un  coefficient  de 
reduction  (ou  une  distance  equi valente) rel iee  aussi  S  1'intensite  de  pluie,  le  pourcentage  de  temps  n'est 
oas  suffisamment  pris  en  compte.  Par  exemple  si  50  mm/h  correspond  1  0.01  %  du  temps  dans  un  climat  et 
0,001  4  du  temps  dans  un  autre,  on  trouverait  le  m@me  af fa i b 1 i ssement  dans  les  deux  cas,  ce  qui  est  peu 
vraisemblable.  En  choisissant  un  coefficient  de  reduction  relie  au  pourcentage  de  temps  ou  3  un  paramfctre 
d'ajustement  supplemental  re,  on  constate  que  les  previsions  obtenues  sont  meilleures. 

3)  Pour  utiliser  une  methode  d '^qu i probab i 1 i t£  on  doit  determiner  une  "longueur  effective"  du  trajet 
^  travers  la  pluie,  ou  bien  (ce  qui  est  equivalent)  une  hauteur  effective.  Mais  cette  hauteur  effective 
n'a  pas  £  priori  de  relation  directe  avec  la  hauteur  d'une  isotherme  quelconque.  Elle  doit  @tre 
determinee  exp£rimentalementc 

M. P.M,  Hall  (U.K.):  1)  Your  Figure  3  draws  attention  to  the  similarity  of  log-normal  and  gamma  distributions 

between  0.001  and  0.01  percent  of  the  time  if  they  are  made  to  fit  data  at  these  two  points,  but  you 
emphasize  the  differences  that  may  occur  for  very  much  smaller  time  percentages  (which  is  probably  not  of 
general  concern  to  users)  and  mention  a  less  severe  difference  for  larger  time  percentages.  Fortunately, 

the  CCIR  is  able  to  base  its  rainfall  rate  curves  on  data  where  these  are  available,  but  the  lack  of  data 
for  rainfall  rate  exceeded  for  about  1.0  percent  of  the  time  is  a  problem  for  predicting  interference  due 
to  rain  scatter  (as  illustrated  in  your  Figure  2),  especially  for  frequencies  in  excess  of  about  20  GHz. 
Attenuation  due  to  light  rain  on  the  "arms"  of  the  transmitter-scatter  vol ume- rece i ver  path  is  then  very 
significant,  and  the  correct  choice  of  a  correct  model  in  the  absence  of  data  would  be  very  important. 

0  2)  In  Figure  5,  and  associated  text,  you  suggest  that  rain  does  not  have  any  vertical  continuity  to 
the  0  isotherm,  and  you  express  reservations  with  conventional  meteorological  radar  which  we  all  share. 
However,  several  authors,  including  ourselves,  have  used  specialized  radars  in  temperate  climates  and 
found  radar  reflectivity  statistics  to  be  constant  up  to  the  melting  layer.  Moreover,  with  our  dual¬ 
polarization  radar,  we  have  been  able  to  demonstrate  columns  of  constant  rainfall  rate  between  ground  and 
the  melting  layers  during  what  are  often  regarded  as  "stratiform"  conditions,  though  we  sometimes  see  a 
depression  of  this  height  in  convective  rain  columns.  You  will  of  course  be  aware  that  the  CCIR  does  not 
assume  these  statistics  to  be  constant  up  to  the  0  isotherm  in  low  latitudes. 
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ABSTRACT 

Although  many  observations  of  ice  depolarization  have  appeared  in  the  literature, 
little  has  been  reported  on  the  impact  of  ice  depolarization  on  the  statistical 
performance  of  satellite  downlinks.  As  part  of  an  experiment  with  the  SIRIO 
spacecraft's  11.6  GHz  beacon,  we  have  analyzed  propagation  data  recorded  during  1979  and 
1980  to  see  what  impact  ice  depolarization  would  have  had  on  link  performance.  Our 
measurements  were  made  with  first  one  and  then  with  two  dual-circularly-polarized 
terminals  spaced  7.2  km  apart;  the  elevation  angle  was  10.7  degrees.  While  periods  of 
intense  ice  depolarization  occurred,  the  overall  effects  on  the  XPD  statistics  amounted 
to  at  most  a  2  to  4  dB  reduction  in  the  XPD  values  that  rain  acting  alone  would  have 
produced  for  a  given  percentage  of  time.  Ice  depolarization  had  no  effect  on  the 
statistics  of  XPD  values  below  the  0.01%  level. 

Most  of  the  severe  ice  depolarization  events  which  occurred  were  associated  with 
drops  in  barometric  pressure  and  the  passage  of  intense  cold  fronts  through  our  area. 

To  model  the  theoretical  behavior  of  ice  depolarization,  we  have  defined  ice  contents 
as  the  product  of  three  individually  undetermined  quantities:  ice  particle  density 

(number  of  ice  particles  per  m3),  tee  cloud  thickness  (in  m),  and  the  average  volume 
(in  m3)  of  the  ice  crystals.  A  comparison  with  our  measurements  indicates  that 
populations  of  ice  particles  with  ice  contents  on  the  order  of  0.002  »’/m3  are 

probably  responsible  for  the  lower  values  of  measured  XPD. 
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v  ,y  1.  INTRODUCTION 

Intense  depolarization  in  the  absence  of  attenuation  was  first  reported  on  satellite 
paths  in  1976  during  the  European  phase  of  the  ATS-6  millimeter  wave  propagation 
experiments.  At  first  called  anomalous  depolarization,  this  phenomenon  was  soon 
correctly  attributed  to  scattering  by  high-altitude  ice  crystals.  Bostian  and  Allnutt 
(1979)  and  Cox  (1981)  have  reviewed  research  in  this  area;  generally  it  has  concentrated 
on  individual  propagation  events  and  the  physics  of  depolarization  by  ice  crystals.  In 
contrast,  the  effect  of  ice  depolarization  on  satellite  communications  system 
performance  has  received  relatively  little  attention.  In  thi3  paper  we  will  present 
some  data  measured  on  a  low-angle  11.6  GHz  path  with  SIRIO  and  investigate  the  effect 
which  ice  depolarization  had  on  the  cross  polarization  discrimination  (XPD)  statistics 
and  which  it  would  have  had  on  the  performance  of  hypothetical  dual-polarized  digital 
communications  systems. 

2.  THE  VIRGINIA  TECH  SIRIO  EXPERIMENT 

The  data  which  we  will  discuss  were  collected  using  the  SIRIO  11.6  GHz  beacon  from 

1979  through  1981.  The  beacon  transmitted  right-hand  circular  polarization,  and  we 
measured  both  the  co-polarized  and  the  cross-polarized  components  of  the  received 
signal.  Initially  we  operated  a  single  receiving  site  called  the  main  site;  in  July 

1980  we  added  a  second  one  called  the  remote  site  and  collected  30  months  of  diversity 
data.  The  experiment  was  unique  in  its  first  U.S.  use  of  dual-polarized  diversity 
reception  and  in  the  low  10.6  degree  elevation  angle  of  the  propagation  path.  For  more 
details  on  this  experiment,  please  consult  (Marshall  et  al.,  1979)  and  (Towner  et  al., 
1982) . 

The  diversity  aspect  of  the  experiment  produced  one  surprising  result:  the  main  site 
experienced  more  ice  depolarization  than  the  remote  site.  Ice  depolarization  at  the 
remote  site  was  always  accompanied  by  ice  depolarization  at  the  main  site,  and  we  could 
usually  match  features  in  plots  of  XPD  versus  time  from  the  two  sites.  But  the  converse 
was  not  true;  there  were  occasional  events  when  ice  depolarization  at  the  main  site  was 
not  accompanied  by  any  activity  at  the  remote  site.  We  have  no  explanation  for  this. 

3.  ELEVATION  ANGLE  EFFECTS  ON  THE  FREQUENCY  OF  OCCURRENCE  OF  ICE  DEPOLARIZATION 


With  the  SIRIO  experiment  we  observed  an  average  of  about  two  ice  depolarization 
events  per  month.  The  most  severe  of  these  brought  the  XPD  down  to  values  around  10  dB. 
This  contrasted  surprisingly  with  our  earlier  measurements  with  CTS  (11.7  GHz)  and 
COMSTAR  (19.04  GHz),  where  we  saw  only  four  weak  events  in  two  years.  None  of  these 
produced  XPD  values  worse  than  20  dB  (Bostian  et  al . ,  1981).  We  attribute  this 
difference  to  the  low  elevation  anglu  of  the  SIRIO  experiment,  since  CTS  was  at  33 
degrees  and  the  elevation  angles  of  the  COMSTAR  spacecraft  we  used  were  around  45 
degrees.  If  ice  _  is  located  in  storms  above  rain,  then  low-angle  paths  would  have  a 
greater  probability  of  intersect*  i-g  only  ice  crystals.  Higher  angle  paths  would  tend  to 
pass  through  regions  of  rain  and  regions  of  ice,  and  depolarization  by  the  rain  would 
mask  the  effects  of  the  ice.  Thus  we  would  expect  ice  depolarization  to  occur  more 
often  on  paths  with  low  elevation  angles. 
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4.  SEASONAL  EFFECTS 

We  observed  the  most  severe  cases  of  ice  depolarization  in  October  and  November.  A 
drop  in  barometric  pressure  and  the  passage  of  an  intense  cold  front  usually  accompanied 
instances  of  strong  ice  depolarization. 

5.  MODELING  IMPLICATIONS 

One  of  the  practical  problems  in  modeling  ice  depolarization  is  the  inconveniently 
large  number  of  parameters  which  are  involved.  Products  of  undetermined  quantities 
appear  in  the  theory,  and  different  combinations  of  parameters  can  lead  to  the  same 
value  of  XPD.  In  a  forthcoming  paper  (Tsolakis  and  Stutzman,  1983)  we  have  tried  to 
simplify  the  situation  by  defining  ice  content  as  the  product  of  three  individually 
undetermined  quantities:  ice  particle  density  (number  of  ice  particles  per  m3)(  ice 

cloud  thickness  (in  m),  and  the  average  volume  (in  m^)  of  the  ice  crystals.  A 
comparison  with  our  measurements  on  an  event  by  event  basis  indicates  that  populations 
of  ice  particles  with  ice  contents  on  the  order  of  0.002  m4/m^  are  probably 

responsible  for  the  lowest  values  of  XPD  (around  12  dB)  that  we  measured. 

6.  THE  EFFECT  OF  ICE  ON  THE  CUMULATIVE  DISTRIBUTION  OF  XPD 

While  the  joint  distribution  of  attenuation  and  XPD  is  of  greater  interest  from  a 
systems  viewpoint,  percent-of-time  data  for  XPD  have  been  widely  published.  We  will 
begin  with  the  effect  that  ice  has  on  statistics  of  this  kind. 

The  practical  question  here,  we  think,  is  the  degree  to  which  the  XPD  distribution  is 
predictable  from  the  attenuation  distribution.  This  predictability  depends  on  the 
relative  importance  of  ice  depolarization,  since  ice  causes  no  attenuation  and  its 
depolarizing  effects  cannot  be  determined  from  an  attenuation  distribution. 

The  results  for  our  main  receiving  site  appear  in  Figures  1  and  2.  The  first 
describes  the  1979  calendar  year  and  the  second  is  for  1980.  In  both  cases  we  present 
three  curves.  The  first,  labeled  "all  data,"  shows  the  measured  XPD  probability 
distribution.  The  second,  called  “ice  events  excluded,"  shows  what  the  XPD  would  have 
done  if  all  periods  of  depolarization  by  ice  acting  alone  (i.e.,  ice  unaccompanied  by 
rain)  had  instead  been  periods  of  clear  weather.  We  defined  clear  weather  here  as 
propagation  conditions  for  which  the  attenuation  (A)  is  less  than  3  dB  and 
simultaneously  the  XPD  is  better  than  26  dB.  We  classified  as  ice  events  those  periods 
when  propagation  conditions  caused  XPDs  poorer  than  26  dB  accompanied  by  attenuations 
less  than  3  dB.  The  third  curve,  labeled  SIM,  represents  a  model  calculation  of  XPD 
from  our  measured  attenuation  distribution.  We  will  discuss  its  significance  below. 

Consider  first  the  “all  data"  and  "ice  events  excluded"  curves.  These  show  that  for 
strong  depolarization  (XPD  worse  than  20  dB)  removing  the  ice  events  improves  the  XPD 
occurring  for  a  given  percent-of-time  by  3  dB  at  most.  Ice  is  this  significant  only  at 
the  upper  end  of  the  curves,  where  its  effects  are  beginning  to  blend  in  with  those  of 
the  antenna  residuals.  If  we  restrict  our  attention  to  percentages  of  time  at  or  below 
0.1%,  we  see  that  the  effect  of  ice  is  no  more  than  a  2  dB  decrease  in  XPD.  For  both 
years  it  vanishes  at  the  0.01%  point. 

The  2  dB  value  is  consistent  with  an  earlier  finding  on  which  we  based  the  first 
abstract  for  this  paper  and  which  will  be  reported  in  a  forthcoming  article  (Stutzman  et 
al .  1983).  There  we  looked  at  5.5  months  (July  15  -  December  31,  1980)  of  data  from 

both  diversity  sites  and  carefully  removed  the  antenna  residuals  and  spacecraft  diurnal 
effects  prior  to  computing  the  XPD  distributions.  At  the  percentages  of  time  of 
interest,  the  XPD  distributions  with  and  without  the  residuals  were  so  similar  to  each 
other  that  we  felt  it  unnecessary  to  remove  the  residuals  in  subsequent  work. 

The  curves  labeled  “SIM"  are  the  predicted  XPD  distribution  based  on  the  attenuation 
distribution  measured  over  the  same  time  periods  as  the  XPD.  SIM  is  a  model  which  we 
have  recently  developed  for  rain  depolarization  (Runyon,  1983).  It  excludes  the  effects 
of  ice  and  for  our  SIRIO  experiment  it  predicts  a  relationship  between  XPD  and 
attenuation  (A,  in  dB)  given  by  (1)  for  A  >  3. 

XPD  =  32.15  -  19  log10  (A)  (1) 

For  each  attenuation  we  calculated  an  XPD  with  SIM  and  plotted  that  XPD  for  the 
percent-of-time  corresponding  to  the  attenuation. 

The  SIM  curve  shows  the  depolarization  distribution  that  theoretically  would  have 
resulted  from  rain  acting  alone.  The  difference  between  it  and  the  "ice  events 
excluded"  curve  may  be  attributed  to  depolarization  by  a  mixture  of  rain  and  ice  and  to 
possible  errors  in  the  model.  At  most  this  difference  amounts  to  about  4  dB  over  the 
interval  of  interest.  In  general  the  numbers  are  consistent  with  the  2  dB  difference 
that  Chu  (1980)  noted  between  model  predictions  of  XPD  and  measurements  and  which  he 
included  in  his  model  to  account  for  depolarization  by  ice  accompanying  rain. 

7.  THE  EFFECT  OF  ICE  DEPOLARIZATION  ON  THE  JOINT  DISTRIBUTION  OF  XPD  AND  ATTENUATION 


The  representation  of  the  joint  distribution  which  we  will  use  was  first  presented  at 
an  earlier  AGARD  meeting  by  Thirlwell  and  Howell  (1980).  It  uses  contour  lines  to 


display  the  percent-of-time  that  the  XPD  and  attenuation  are  worse  than  (i.e.,  below  or 
to  the  right  of)  the  XPD  and  A  values  shown  on  the  axes.  Figures  3  and  4  present  our 
overall  calendar  year  1979  and  1980  data  in  this  way. 

This  presentation  of  XPD  and  A  data  is  particularly  useful  in  analyzing  communication 
systems  because  system  performance  depends  on  both  attenuation  and  XPD.  Contours  of 
constant  system  performance  (i.e.  contours  of  constant  worst-channel  SNR  for  analog 
systems  or  of  error  rate  for  digital  systems)  may  be  superimposed  on  the  XPD-A  plot.  We 
have  done  this  in  Figures  3  and  4  using  the  symbol  error  probability  for  a  QPSK  link 
with  a  clear  weather  carr ier-to-thermal  noise  ratio  (CNR)  of  20  dB  and  a  clear  weather 
XPD  of  26  dB.  This  CNR  value  may  be  high  for  practical  systems,  but  it  is  convenient 
for  this  analysis.  We  made  our  symbol  error  probability  calculations  using  Prabhu's 
equations  (Prabhu,  1969). 

To  determine  the  effect  that  ice  depolarization  has  on  the  joint  XPD/A  distribution, 
we  computed  the  joint  distributions  for  our  1979  and  1980  data  with  ice  events  excluded. 
The  results  appear  in  Figures  5  and  6.  The  main  effect  is  a  slight  straightening  of  the 
percent-of-time  contours  and  an  improvement  in  the  14  to  18  dB  XPD  range. 

The  straightening  of  the  contours  is  an  effect  first  noted  by  Gaines  and  Bostian 
(1982).  If  XPD  and  attenuation  were  related  by  a  single  valued  deterministic  equation, 
the  percent-of-time  contours  would  be  straight  lines  making  a  right  angle  been  at  the 
locus  of  (XPD,  A)  values  determined  by  the  equation.  Ice  adds  randomness  to  what  is  a 
deterministic  and  reasonably  well-behaved  relationship  for  rain.  Removing  the  ice 
depolarization  removes  the  randomness  and  straightens  the  contours. 

8.  CONCLUSIONS 

From  this  study  we  conclude  that  ice  depolarization  is  more  frequent  on  low  elevation 
angle  paths  than  at  higher  angles.  While  quite  low  values  of  XPD  can  result  from  ice, 
the  overall  effect  on  XPD  statistics  is  only  2  to  4  dB  reduction  over  that  which  would 
result  from  rain  acting  alone,  and  this  at  percentages  of  time  greater  than  0.01.  Ice 
depolarization  seems  to  have  had  no  effect  on  our  XPD  statistics  below  the  0.01%  level. 
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XPD  IN  dB 

Figure  1.  Cumulative  XPD  distributions  on  the  VPI&5U  SIRIO  downlink  for 
the  1979  calendar  vear.  Curves  shown  are  for  all  measured 
data,  for  the  measured  da! a  with  ice  events  artificallv  reset 
to  clear  weather,  and  for  a  predictive  model  called  SHI. 
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Figure  2.  emulative  XPD  distributions  on  the  VPIffiU  SIRIO  drwnlink  for 
the  1980  calendar  year.  Curves  shewn  are  for  all  measured 
data,  for  the  measured  data  with  ice  events  artificallv  reset 
to  clear  weather,  and  for  a  nredictive  model  called  SIM. 
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ATTENUATION,  dB 

Figure  T.  Joint  XPD  and  attenuation  distribution  for  1979.  Thin  lines  with  deciml 
nimtoers  are  nercent  time  contours.  Thick  lines  with  exponential  numbers 
are  symbol  error  orobabilities  for  a  dual -polarized  op.SK  system  with 
clear  air  C/N  of  20  dB. 
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Figure  4.  Joint  XPD  and  attenuation  distribution  for  1980.  Thin  lines  with  decimal 
nurrbers  are  Dercent  time  contours.  Thick  lines  with  exponential  mrbers 
are  symbol  error  probabilities  for  a  dual-nolarized  QPSK  system  with 
clear  air  C/N  of  20  dB. 


ATTENUATION.dB 

Joint  XPD  and  attenuation  distribution  for  1980  with  ice  depolarization 
periods  set  to  clear  weather.  Thin  lines  with  decimal  numbers  are 
percent  time  contours.  Thick  lines  with  exponential  nunbers  are  synbol 
error  probabilities  for  a  dual -Polarized  OPSK  svstem  with  clear  air 
C/N  of  20  dB. 
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DISCUSSION 


J.R.  Larsen  (Denmark):  1)  When  ice  depolarization  modifies  the  distribution  curve  by  3  dB,  is  it  an 
indication  that  ice  and  rain  depolarizat ion  are  of  equal  magnitude? 

2)  Since  you  define  ice  depolarizat i on  as  that  associated  with  attenuation  under  3  dB  (although  it 
may  also  occur  during  heavy  rain),  should  the  modifications  in  Figures  5  and  6,  in  comparison  with  Figures 
3  and  4,  be  in  the  part  of  the  diagram  corresponding  to  attenuation  of  2  to  3  dB? 

C.W.  Bostian  (U.S.):  1)  In  cases  where  ice  modifies  the  cross  polarization  discrimination  (XPD)  percent 

time  contours  by  3  dB,  this  is  true.  However  the  3  dB  value  is  a  worst  case;  consider  Figure  2  of  my 
paper.  The  difference  between  the  “all  data"  and  "ice  events  excluded"  curves  is  greater  or  equal  to 
3  dB  only  for  XPD  values  greater  than  15  dB.  There  is  little  difference  in  these  curves  below  10-12  dB. 

We  say  that  ice  depolarization  is  as  important  as  rain  for  XPD  greater  than  15  dB.  I  want  to  look  at  a 
plot  for  "ice  events  only"  to  verify  this  comment. 

2)  Yes,  these  modifications  apply  in  the  2-3  dB  region.  I  believe  this  after  some  deliberations. 

I  wi I  1  explain  my  beliefs  below,  and  refer  to  reference  [5}  in  my  paper  for  more  details.  Assume  that  we 
have  measured  a  set  of  A  and  XPD  pairs  at  uniform  time  intervals.  Also  assume  for  convenience  that  they 
have  been  integerized  so  that  N(A.,  XPD.)  is  the  number  of  observations  for  which  attenuation  =  A.  and 

the  XPD  =  XPDj ,  Now  suppose  we  write  the  N(A.,  XPD^)  values  on  a  grid  like  the  axes  of  my  figures  below. 


0  ^  ^ 
&  $  & 

Q  ^  ^  O 


NfA^,  X  ) 


N(A,,  X.) 


The  joint  distributions  ploted  in  my  paper  use  contours  to  show  the  percent  of  time  A  exceeds  a 
value  on  the  x-axis  and  XPD  is  less  than  the  value  on  the  y-axis.  We  compute  these  for  the  contour 
passing  through  the  point  (Aj ,  X^)  by  drawing  a  rectangle  with  its  corner  at  (A^ ,  X^)  and  containing  all 

N(A.,  Xj)  values  with  greater  than  Aj  and  X.  less  than  X^r 


To  get  the  percent  time  contour 
contour  value  at  (Aj ,  X^)  we  count 


all  of  the  N's  for  points  (•)  in 
the  rectangle  and  divide  those 

by  the  total  number  of  observations. 


The  number  of  observations  at  a  given  point  thus  influences  the  contours  at  all  points  at  all  points 
above  or  at  the  left  of  the  given  point.  When  we  make  a  measurement  with  A  between  2  and  3  dB,  and  replace 
the  observed  XPD  by  an  arbitrary  clear  weather  value,  we  change  the  percent  times  of  all  2  dB  attenuation 
points  in  the  plot. 

M.P.M.  Hall  (U.K.):  l)You  comment  in  your  paper  on  the  effects  of  ice  particle  density,  ice  cloud  thick¬ 
ness,  and  average  volume  of  ice  particles.  It  would  seem  that  ice  particle  shape  is  also  important,  in 
particular  the  oblateness.  For  the  last  one  or  two  years  we  have  reported  studies  of  the  development  of 
oblateness  and  density  of  falling  ice  crystals,  deduced  from  our  dual  polarization  radar  data.  Typically 
we  see  high  density  (high  dielectric  constant),  small  size,  highly  oblate,  and  horizontally  oriented  ice 
particles  at  the  top  of  a  cloud,  large,  low  density  (low  dielectric  constant  for  air/ice  mixture),  and 
near  spherical  particles  in  the  middle  of  a  cloud,  and  large  wet  (high  dielectric  constant),  highly  oblate, 
and  horizontally  oriented  particles  in  the  melting  layer.  The  intention  is  to  use  this  information  in  the 
United  Kingdom  to  comment  on  the  XPD  results  on  an  earth-space  path. 

2)  You  comment  in  your  paper  that  you  see  more  depolarization  at  low  elevation  angles  than  at  hiqh 
elevation  angles.  Could  this  occur  because  there  Is  no  very  significant  change  in  volume  intercepted  for 
low  and  high  angles  in  vertical  ralncells,  while  there  is  significant  increase  of  volume  intercepted  at  low 
elevation  with  the  melting  layer(of  large  wet  highly  oblate  horizontally  oriented  particles)  due  to  its 
horizontal  nature7 

C.W.  Bostian  (U.S.):  1)  We  are  hoping  to  make  similar  measurements  soon,  and  are  interested  in  your 

results.  In  calculating  ice  depolar i zat ion  we  write  [k]  as 


M  -  -j2_  PL  <V>  {  p[F'J  e  +  (!  -  p)<[F'lr 
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where  pi  <V>is  ice  content.  £ F ' J  .  is  scattering  matrix  for  ice  plates,  <[F']  >  is 

plate  needle 

matrix  for  ice  needles  over  the  azimuth  angle,  and  p  is  fraction  of  ice  in  the  form  of  ice 
ice  content  value  quoted  at  0.002  assumed  100  %  plates.  Obviously  the  fractions  of  plates 
be  varied  as  described  in  reference  [12]  in  our  paper. 


scattering 

plates.  Our 
and  needles  can 


2)  That  is  a  possibility.  When  our  radar  is  operational,  we  will  look  at  melting  layer  effects. 


I.  Anderson  (U.K.):  What  is  the  time  variation  of  the  cross  polarized  component? 

C.W.  Bostian  (U.S.):  Our  receiver  has  a  10  second  time  constant.  We  are  still  analyzing  the  rate  of 
change  of  the  X  component  and  of  the  XPD,  and  hope  to  publish  this  soon.  Generally  the  most  common  changes 
were  +1  to  +  2  dB  in  30  seconds.  In  a  typical  event  the  XPD  would  drop  (i.e.,  get  worse)  sharply,  remain 
relatively  constant  for  5  “  30  minutes,  and  then  quietly  return  to  the  original  level  (reference  [9]  in 
our  paper). 
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SUMMARY 

The  main  objective  of  this  paper  is  to  examine  the  limitations  imposed  on  millimeter  wave  propaga¬ 
tion  by  the  dust  produced  by  a  low  altitude  nuclear  burst.  The  closer  the  burst  is  to  the  surface,  the 
larger  will  be  the  dust  loaded  into  the  nuclear  fireball,  an  extremely  hot  and  highly  ionized  spherical 
mass  of  air  and  gaseous  weapon  residues.  The  fireball  absorbs,  scatters  and  refracts  the  propagated 
wave  and  may  also  produce  scintillations.  In  this  study,  only  losses  due  to  absorption  and  scattering 
are  calculated. 

Since  there  is  a  great  deal  of  uncertainty  as  to  how  representative  the  dust  model  is  of  the  true 
nuclear  environment,  a  sensitivity  analysis  of  attenuation  dependence  on  the  pertinent  dust  parameters 
was  first  conducted.  It  was  found  that  the  dust  attenuation  is  very  heavily  dependent  on  the  maximum 
particle  radius,  the  number  of  large  particles  in  the  distribution  and  the  real  and  imaginary  compo¬ 
nents  of  the  index  of  refraction  over  the  range  from  dry  sand  to  clay.  The  attenuation  is  also  propor¬ 
tional  to  the  fraction  of  the  atmosphere  filled  with  dust.  The  total  attenuation  produced  by  a  1 
megaton  burst  at  the  surface  is  then  computed  using  the  WESCOM  code.  The  attenuation  includes  losses 
due  to  fireball  ionization,  dust  and  atmospheric  oxygen  and  water  vapor.  Results  are  obtained  as  a 
function  of  time  after  burst,  distance  from  burst,  elevation  angle  and  frequency  up  to  95  GHz.  It  is 
found  that  very  high  attenuations  occur  within  about  20  seconds  after  the  burst  If  the  path  intersects 
the  fireball.  At  later  times  attenuations  of  the  order  of  tens  of  dB  are  possible  due  to  dust  alone. 
After  several  minutes  the  larger  dust  particles  have  settled  and  attenuations  of  several  dB  are  present. 
Oxygen  and  water  vapor  attenuations  are  typically  less  than  one  dB  in  the  window  regions. 


1,  INTRODUCTION 

In  this  paper  the  limitations  imposed  on  millimeter  waves  by  a  low  altitude  nuclear  burst  are 
examined.  Associated  with  the  burst  is  a  fireball,  an  extremely  hot  and  highly  ionized  spherical  mass 
of  air  and  gaseous  weapon  residues.  The  fireball  grows  rapidly  and  because  of  its  intense  heat  some  of 
the  soil  and  other  material  in  the  area  are  vaporized  and  taken  into  the  fireball;  strong  afterwinds 
cause  large  amounts  of  dirt  and  debris  to  be  sucked  up  as  the  fireball  rises. 

In  order  to  estimate  the  effects  of  dust  on  the  performance  of  a  millimeter  wave  system  it  is 
necessary  to  first  develop  a  dust  model.  Since  there  is  a  great  deal  of  uncertainty  as  to  how  repre¬ 
sentative  the  model  is  of  the  true  nuclear  environment,  a  sensitivity  analysis  of  the  attenuation 
dependence  on  pertinent  dust  parameters  is  conducted.  It  is  assumed  that  the  dust  particle  sizes 
follow  a  pjwer  law  distribution.  Then  the  attenuation  is  computed  as  a  function  of  minimum  particle 
radius,  maximum  particle  radius,  particle  size  distribution,  index  of  refraction  and  density.  A  Mie 
formulation  is  used  to  calculate  the  absorption  and  scattering  losses  produced  by  dust. 

The  total  attenuation  produced  by  a  1  Megaton  surface  burst  is  then  computed  using  the  WESCOM  code. 
The  attenuation  consists  of  contributions  due  to  fireball  ionization,  dust  and  atmospheric  oxygen  and 
water  vapor.  Attenuations  are  obtained  as  a  function  of  time  after  burst,  distance  from  burst,  elevation 
angle  and  frequency. 

2.  PARTICLE  SIZE  DISTRIBUTION 

The  sizes  of  dust  particles  are  often  represented  by  a  power  law  probability  distribution  of  the  form 

P(r)  =  kr“P  (1) 

where  r  is  the  particle  radius,  p  is  the  exponent  and  k  is  a  constant,  selected  such  that  P(r)  is  a  proper 
probability  distribution.  For  some  applications  a  log-normal  distribution  of  particle  sizes  is  used  since 
it  provides  a  better  model  of  the  very  small  particles.  For  this  study,  however,  we  will  show  that  the 
actual  distribution  of  the  very  small  dust  particles  does  not  significantly  affect  the  attenuation  so  the 
power  law  distribution  is  suitable. 

rmax 

Thus  k  I  r'P  dr  -  1  (2) 

rmin 

Solving  for  k  we  have 
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where  rm^n  and  r^x  are  the  minimum  and  maximum  particle  radii  respectively.  The  total  number  of  par¬ 
ticles  of  radius  r  is  then 

N(r)  -  %  P(r)  (4) 

where  N*j.  is  the  total  number  of  dust  particles, 


Mt  ■  total  mass  of  particulates 

p  *  bulk  density  of  particulate  material 
b 

V  «  mean  volume  of  a  particulate 


Pb  CA/3  r  ) 


7?)  r-(P-u  _r-cP-i) 


It  can  be  shown  that 
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3.  ATTENUATION  OF  DUST  PARTICLES 

Millimeter  waves  incident  on  atmospheric  particulates  undergo  absorption  and  scattering,  the 
degree  of  each  being  dependent  on  the  size,  shape  and  complex  dielectric  constant  of  the  particle  and 
the  wavelength  and  polarization  of  the  wave.  An  expression  for  calculating  the  absorption  and  scatter¬ 
ing  from  a  dielectric  sphere  was  first  derived  by  Mie  (1908).  It  has  the  form 

2  00 

Qt  *  Re  ]2  <2n  +  *>  <an  +  bn)  (9) 


where  0t.  the  extinction  cross  section,  represents  losses  due  to  both  absorption  Qa ,  and  scattering  Qs , 
and  a®  and  b®  are  very  complicated  functions  of  the  spherical  Bessel  terras  that  correspond  to  the 
magnetic  and  electric  modes  of  the  particle  respectively.  Qt  has  the  dimension  of  area  and  is  usually 
expressed  as  cra^.  Physically,  if  a  wave  having  a  flux  density  of  S  watts/cm^  is  incident  on  the  par¬ 
ticle,  then  S  x  is  the  power  absorbed  and  scattered. 

When  the  size  of  a  dust  particle  is  very  small  with  respect  to  wavelength,  then  the  Rayleigh 
approximation  is  valid.  For  this  case 

8*2  r9  n2-l 

Qa - la  )  (10) 

\  n2+2 

128„5  r6  |nz-l 1 2 


It  is  seen  that  the  absorption  is  inversely  proportional  to  the  wavelength  while  the  scattering  loss  is 
inversely  proportional  to  the  fourth  power  of  the  wavelength;  thus  when  the  wavelength  is  large  compared 
to  the  particle  size,  the  absorption  dominates  and  scattering  losses  are  often  assumed  negligible. 
Furthermore,  since  the  absorption  is  proportional  to  the  particle  volume,  the  total  attenuation  is 
proportional  to  the  total  volume  of  dust. 

As  the  dust  particles  become  larger,  then  the  Rayleigh  approximation  is  no  longer  valid  and  the  Mie 
formulation  must  be  used.  Both  absorption  and  scattering  cross  sections  continue  to  increase  with  par¬ 
ticle  size.  Finally,  after  reaching  a  peak  the  total  cross  section  begins  to  level  off  and  would 
eventually  approach  a  value  of  twice  the  geometric  cross  section  of  the  particle  when  it  is  very  large 
with  respect  to  wavelength  (Van  de  Hulst,  1957).  Thus  we  note  that  as  the  particle  becomes  larger  the 
extinction  cross  section  which  was  initially  proportional  to  the  particle  volume  becomes  proportional 
to  the  particle  cross  sectional  area. 
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The  attenuation  coefficient  is  equal  to 


N(r)  Qt  dr 


(12) 


_  •} 

This  expression  is  in  nepers/cm,  if  r  and  Qt  have  units  of  cm  and  N(r)  is  in  cm  In  order  to  convert 
to  dB/km  a  multiplicative  factor  of  4.343  x  10^  must  be  introduced. 


-9s 

Attenuation  and  albedo,  the  ratio  of  scattered  loss  to  total  loss  Qt  ,  for  a  particle  size  power 

law  distribution  are  plotted  in  Fig.  1  for  sand  and  clay  for  frequencies  from  10  to  95  GHz.  It  is  assumed 

that  the  minimum  and  maximum  particle  radii  are  .005  and  5  ram  respectively,  that  the  power  law  exponent 

is  -3.5,  and  that  the  densities  of  the  dust  material  and  average  mass  are  2.6  gm/cnr*  and  100  gm/ respec¬ 

tively.  It  is  seen  that  the  attenuation  increases  very  rapidly  with  increasing  frequency.  It  should  be 
pointed  out  that  attenuation  is  plotted  on  a  logar ithiraic  scale  so  the  apparent  linear  increase  in 
attenuation  at  the  higher  frequencies  actually  corresponds  to  an  exponential  increase,  in  reality. 

Since  clay  has  a  higher  index  refraction  than  sand,  the  attenuations  are  significantly  higher. 


The  ratio  of  the  scattering  losses  to  the  total  losses,  often  referred  to  as  the  albedo,  is  also 
plotted  in  Fig.  1.  It  is  interesting  to  note  that  the  albedo  for  sand  is  approximately  .7,  even  for  a 
wavelength  as  long  as  30  mm  when  the  average  particle  radius  is  only  .02675  mm,  less  than  • 00 J  wave¬ 
length.  This  indicates  that  even  though  the  average  dust  particles  are  very  small  with  respect  to 
wavelength  the  scattering  losses  are  certainly  not  negligible  as  compared  to  the  absorption  because  of 
the  limited  number  of  large  particles  that  are  present.  This  issue  is  discussed  later  when  the  results 
of  the  albedo  dependence  on  maximum  particle  radius  are  presented. 


3A.  Dependence  of  Dust  Attenuation  on  Minimum  Particle  Radius 

In  Figs.  2(a)  and  2(b)  the  attenuations  are  plotted  for  sand  and  clay  respectively  as  a  function 
of  minimum  particle  radius  for  a  set  of  frequencies  from  10  to  95  GHz.  It  is  seen  that  the  attenuation 
rises  only  very  slightly  as  the  minimum  particle  radius  is  increased.  It  is  interesting  to  note  that 
it  passes  through  a  very  broad  peak  at  95  GHz  and  would  probably  behave  similarly  at  the  lower  frequen¬ 
cies  for  larger  minimum  particle  radii.  On  the  basis  of  these  results  it  can  be  concluded  that  the 
attenuation  Is  not  very  sensitive  to  the  minimum  particle  radius. 

3B.  Dependence  of  Dust  Attenuation  and  Albedo  on  Maximum  Particle  Radius. 


In  Fig9.  3(a)  and  3(b)  the  attenuations  and  albedos  are  plotted  for  sand  and  clay  respectively  as 
a  function  of  maximum  particle  radius  for  the  same  set  of  frequencies  from  10  to  95  GHz.  It  is  seen 
that  the  attenuation  and  albedo  both  rise  very  abruptly  as  the  maximum  particle  radius  is  increased. 

The  attenuation  reaches  a  peak  and  the  albedo  begins  to  level  off  when  the  maximum  particle  diameter  is 
approximately  equal  to  the  wavelength.  As  mentioned  previously  it  is  seen  that  the  scattering  losses 
are  comparable  and  in  some  instances  even  larger  than  the  absorption  losses.  This  is  due  to  the  fact 
that  the  imaginary  component  of  the  index  of  refraction  is  very  small,  thus  resulting  in  a  small  absorp¬ 
tion. 


3C.  Dependence  of  Dust  Attenuation  on  the  Power  Law  Exponent 

In  Figs.  4(a)  and  4(b'>  attenuation  is  plotted  as  a  function  of  power  law  exponent  for  sand  and  clay 
respectively  for  the  set  of  frequencies  from  10  to  95  GHz.  When  the  exponent  p,  is  small  the  probability 
of  having  large  particles  in  the  distribution  is  relatively  high.  As  p  becomes  larger  fewer  large  par¬ 
ticles  are  present.  Thus  the  attenuation  passes  through  a  very  broad  peak  for  low  values  of  p  and  then 
drops  off  very  rapidly  when  p  becomes  larger.  Thus  the  power  law  exponent  can  significantly  affect  the 
attenuation. 

3D.  Dependence  of  Dust  Attenuation  and  Albedo  on  the  Index  of  Refraction 

In  Fig.  5  the  attenuation  and  albedo  are  plotted  as  a  function  of  index  of  refraction  for 

the  set  of  frequencies  from  10  to  95  GHz.  Both  the  real  and  Imaginary  components  of  the  index  of  refrac¬ 
tion  are  increased  linearly  so  that  the  particulates  have  an  Index  of  refraction  that  corresponds  to 
dry  sand  for  the  lowest  values  and  water  for  the  highest  values.  It  is  seen  that  the  attenuation 
increases  and  the  albedo  decreases  sharply  as  the  particulates  change  from  dry  sand  to  clay  and  then 
both  essentially  level  off  as  the  real  and  imaginary  components  are  increased  further.  The  attenuation 
and  albedo  are  examined  more  closely  in  Fig.  6.  In  Fig.  6(a)  the  imaginary  component  is  fixed  at  02*. 2 
and  the  real  component  is  varied  from  1.6  to  3.4;  in  Fig.  6(b)  the  real  component  is  fixed  at  nj*2.5, 
and  the  imaginary  component  is  varied  from  zero  to  .6.  For  both  cases  the  attenuation  increases  gradually 
as  either  of  the  components  of  index  of  refraction  is  increased.  Based  on  the  curves  for  the  albedo  it 
1 8  seen  that  Increasing  the  Imaginary  component,  increases  the  absorptive  losses  while  increasing  the 
real  component  results  In  an  Increase  In  the  scattering  losses.  Thus  it  can  be  concluded  that  the 
attenuation  is  very  dependent  on  both  the  real  and  imaginary  components  of  the  index  of  refraction  over 
the  ranges  from  about  2  <  np  <  4  and  0  <  n2  <  •  8. 

3E.  Dependence  of  Dust  Attenuation  on  Density  of  Particles 

In  Eq.  (5)  it  is  seen  that  the  total  number  of  dust  particles  is  directly  proportional  to  the  total 
mass  of  the  particles  M-f,  divided  by  the  bulk  density  of  the  individual  particles.  In  this  formula¬ 

tion  a  single  scattering  model  Is  used  so  the  attenuation  is  directly  proportional  to  the  number  of 
particles  as  seen  in  Eq.  (12)  and  therefore  directly  proportional  to  M-p/pb*  Thus  any  uncertainty  in 
either  the  total  mass  or  particle  density  will  produce  a  corresponding  error  in  the  attenuation. 
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ATTENUATION  PRODUCED  BY  A  NUCLEAR  BURST 


As  mentioned  previously  associated  with  the  nuclear  burst  is  a  fireball.  The  initial  elect  n  den¬ 
sity  within  the  fireball  is  extremely  high  and  for  a  period  of  about  20  seconds  blacks  out  the  propagated 
wave.  After  that  time,  beta  radiation  from  the  radioactive  debris  within  the  fireball  may  sustain 
sufficiently  high  ionization  levels  to  absorb  millimeter  wave  signals  for  several  minutes.  Thus  the 
two  principal  sources  Chat  attenuate  the  propagated  wave  are  fireball  ionization  and  dust. 

The  nuclear  explosion  dust  model  is  often  divided  into  five  distinct  regions  which  are  modeled  some¬ 
what  crudely  in  Fig.  7.  The  ejecta  region  consists  of  relatively  large  particles  of  dust  and  debris 
thrown  out  of  the  crater;  settling  occurs  quickly  and  its  importance  diminishes  in  about  a  minute  or 
so.  The  blast  wave  produces  a  low  level  dust  region  often  referred  to  as  the  pedestal  or  sweep-up 
layer.  This  region  has  high  dust  densities  for  about  a  minute  also;  lower  densities  exist  for  many 
minutes  later.  The  cylindrical  stem  region  forms  after  the  establishment  of  the  fireball  vortex  and 
lasts  for  several  minutes.  The  mushroom  shaped  cloud  or  main  cloud  is  the  major  dust  region  and  exists 
for  many  minutes.  Finally,  the  main  cloud  transcends  Into  the  fallout  region  which  exists  for  a  long 
period  of  time. 

In  this  study  the  Weapons  Effects  on  Satellite  Communications  code  (WESCOM)  is  used.  It  utilizes 
environment,  propagation  and  signal  processing  models  developed  by  the  Defense  Nuclear  Agency  (DNA)  and 
attempts  to  provide  a  best  estimate  of  the  quantities  being  modeled.  Included  along  with  ionization  and 
dust  losses  are  the  oxygen  and  water  vapor  losses  of  the  ambient  troposphere. 

The  WESCOM  dust  model  is  a  somewhat  simplified  model  in  that  It  assumes  that  all  the  dust  is 
initially  contained  within  the  fireball  and  then  forms  a  main  cloud  which  eventually  becomes  the  fallout 
region  (Thompson,  1978).  The  stem  and  pedestal  are  not  included  in  the  WESCOM  dust  model.  Dust  partic¬ 
ulates  within  the  fireball  are  divided  into  the  8  particle  size  ranges  shown  In  Table  1.  Each  group  of 
particle  sizes  are  Initially  assumed  to  be  uniformly  distributed  throughout  a  disc-llke  cylinder. 

TABLE  1.  Particle  Size  Distribution 


DUST 

GROUP 

MINIMUM 

PARTICLE  DIAMETER 

FRACTION 

OF  PARTICLES 

1 

.01  mm 

1-1.372  x  10'f 

2 

.9 

1.356  x  10~f 

3 

4.0 

1.463  x  10"f 

4 

10.0 

8.750  x  10“ 

5 

20.0 

9.587  x  10“ 

6 

32.5 

2.222  x  10~ 

7 

52.5 

4.540  x  10' 

8 

75 

1.370  x  10' 

These  discs  are  stacked  within  the  fireball  as  shown  in  Fig.  8(a)  with  the  largest  particles  contained 
within  the  lowest  disc  and  with  decreaslngly  smaller  particles  in  the  upper  discs.  Each  particle  size 
group  rises  to  a  maximum  altitude  at  which  point  the  particles  start  to  fall  with  their  respective 
terminal  velocities.  A  simplified  model  of  the  size  and  height  of  the  rising  fireball  as  a  function  of 
time  Is  shown  In  Fig.  8(b).  The  terminal  velocities  are  plotted  in  Fig.  9.  Thus  we  have  a  model  for 
which  the  largest  particles  remain  aloft  for  a  relatively  short  period  of  time  while  the  smaller  par¬ 
ticles  may  remain  suspended  for  many  minutes. 

A  set  of  attenuations  were  computed,  using  the  WESCOM  code,  as  a  function  of  frequency,  elevation 
angle,  distance  from  the  burst  and  time  after  burst  for  a  megaton  surface  burst.  In  Fig.  10  the  attenua¬ 
tion  Is  plotted  as  a  function  of  time  for  a  slant  path  30“  above  the  horizon,  distance  from  burst  of 
10  km  and  frequencies  of  10,  20,  45  and  95  GHz.  It  Is  seen  that  the  attenuation  has  essentially  two 
peaks;  the  first  peak  occurs  about  35  seconds  after  the  burst  and  is  caused  by  the  dust  rising  through 
the  antenna  beam,  the  broader  and  lower  attenuation  second  peak  is  due  to  the  settling  dust  passing 
through  the  beam  again.  As  expected,  dust  attenuation  increases  significantly  with  frequency. 

In  Fig.  11  the  angle  dependence  of  the  attenuation  Is  examined  for  the  same  conditions  at  a  fre¬ 
quency  of  45  GHz.  As  expected  the  first  peak  occurs  earliest  and  the  attenuation  Is  highest  for  the 
lowest  elevation  angle.  Also  the  separation  in  time  of  the  peaks  decreases  with  Increasing  elevation 
angle. 


In  Fig.  12  the  distance  dependence  of  the  attenuation  is  plotted  for  the  same  conditions  for  a 
fixed  elevation  angle  of  30”.  It  Is  seen  that  the  highest  attenuations  occur  earliest  for  distances 
closest  to  the  burst  and  then  decrease  and  occur  at  later  times  as  the  distance  from  the  burst  is 
increased. 

In  general  it  Is  seen  that  high  attenuations  occur  at  all  frequencies  as  the  rising  dust  cloud 
passes  through  the  antenna  beam.  For  low  elevation  angles  and  distances  close  to  the  burst  these 
attenuations  may  exceed  100  dB.  Attenuations  produced  by  the  falling  dust  are  significantly  lower  and 
do  not  generally  exceed  5  dB. 
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CONCLUSIONS 


Upon  examining  the  effects  of  dust  on  slant  path  propagation  at  millimeter  wavelengths  it  has  been 
shown  that  the  attenuation  is  heavily  dependent  on  the  maximum  particle  radius,  the  number  of  large  par¬ 
ticles  in  the  distribution  and  the  real  and  imaginary  components  of  the  index  of  refraction  in  the  range 
from  dry  sand  to  clay.  The  attenuation  is  also  directly  proportional  to  the  fraction  of  the  atmosphere 
filled  with  dust.  Dust  attenuations,  while  low  at  frequencies  below  10  GHz  increase  significantly  at 
millimeter  wavelengths. 

For  the  WESCOM  code,  the  computed  attenuations  behave  as  would  be  expected.  Very  large  attenuations 
occur  immediately  after  the  burst  due  to  fireball  ionization  and  dust  when  the  antenna  beam  is  close  to 
the  fireball.  At  later  times  the  attenuation  is  caused  mostly  by  dust.  The  attenuation  due  to  oxygen 
and  water  vapor  is  typically  less  than  1  dB  in  the  window  regions. 

On  the  basis  of  these  results  it  appears  that  if  the  antenna  beam  intersects  the  fireball  within 
the  first  20  seconds  after  the  burst,  then  attenuations  greater  than  100  dB  are  likely,  and  the  lower 
frequencies  are  attenuated  more  than  the  higher  frequencies  because  the  losses  are  due  predominantly  to 
fireball  ionization.  For  this  reason  it  would  seem  that  the  very  early  dust  model  is  not  too  critical 
since  the  attenuations  are  always  prohibitive.  At  times  from  about  20  seconds  to  several  minutes,  the 
period  after  ionization  losses  have  essentially  disappeared,  but  during  which  dust  losses  can  be  tens 
of  dBs,  the  accuracy  of  the  dust  model  parameters  discussed  above  can  significantly  influence  the 
results.  Finally,  when  the  dust  settles,  although  attenuations  of  the  order  of  several  dB  are  likely, 
it  would  seem  that  it  should  be  possible  to  model  these  more  accurately  than  those  at  earlier  times 
since  the  terminal  velocities  of  the  dust  particles  are  known.  Since  only  the  very  small  particles 
remain  suspended  the  size  distribution  is  less  critical  and  only  the  density  and  index  of  refraction  of 
the  dust  are  important. 
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Fig.  1  Attenuation  and  albedo  of  sand  and  clay  particles  at  millimeter 
wavelengths. 
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Fig.  3  Attenuation  and  albedo  at  millimeter  wavelengths  as  a  function  of 
maximum  particle  radius 
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Fifc.  4  Attenuation  at  millimeter  wavelengths  as  a  function  of  power  law  exponent 
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(a)  Disc-like  regions  within  fireball 


Fig.  8  Dust  model 
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Fig.  10  Attenuation  from  1  MT  burst  as  a  function  of  frequency. 
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DISCUSSION 


I.  Anderson  (U*K,):  Since  opportun i t i es  for  propagation  measurements  through  atmospheric  nuclear  explosions 
are  limited,  how  do  you  substantiate  the  assumptions  used  in  your  theoretical  model? 

E.  E.  Altshuler  (U.S.):  Measurements  made  with  conventional  explosives  have  been  extrapolated  to  nuclear 
levels.  There  is  however  a  great  deal  of  uncertainty  in  the  nuclear  dust  model.  Hopefully  we  shall  never 
have  to  verify  this  model. 

W.G.  Burrows  (U.K.):  While  you  have  considered  the  attenuation  effects  of  dust  from  a  nuclear  explosion  in 
your  paper,  have  you  also  considered  the  distortion  effects  (and  therefore  attenuation)  that  the  centra) 

"hot  column"  must  have  on  the  transmitted  beam?  There  must  be  a  very  severe  change  of  refractive  index  in 
the  region  of  the  hot  column  due  to  the  change  in  the  gas  density.  For  example,  the  "hot  gas"  effluent 
from  an  aircraft  jet  engine  will  completely  destroy  a  narrow  beam  at  mm  wavelengths^ 

E.  E.  Altshuler  (U.S.):  The  distortion  effects  were  considered.  However,  the  attenuation  effects 
produced  by  the  fireball  are  so  severe  that  distortion  effects  are  believed  to  be  of  minor  importance. 

M.P.M,  Hal)  (U.K.):  In  addition  to  military  interest  in  your  subject,  there  is  civil  interest  in  the 
effects  of  sand  and  dust  storms.  Figure  3  in  your  paper  shows  specific  attenuation  In  dB/km  for  particles 
up  to  100  mm  radius  and  for  an  atmospheric  particle  density  M  of  100  gm/m  .  When  the  radius  of  particles 
is  below  0.3  mm  in  natural  sand  and  dust  storms,  your  Figure  3  indicates  that  specific  attenuation  becomes 
independent  of  maximum  particle  size  and  scales  directly  with  M.  Could  you  please  comment  on  likely  values 
of  M  in  these  storms? 

E.  E.  Altshuler  (u.S.):  Although  there  is  only  limited  data  on  the  particle  size  distribution  of  naturally 
occurring  dust,  indications  are  that  the  maximum  particle  sizes  would  be  less  than  a  few  mm.  Thus  the 
Rayleigh  approximation  is  valid  and  dust  attenuation  is  directly  proportional  to  the  mass  density  of 
dust.  Attenuations  for  other  mass  densities  can  be  estimated  from  Figure  3. 


k. 
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\  SUMMARY 

V\ 

This  paper  describes  experiments  and  results  obtained  from  propagation  measurements  with 
the  Orbital  Test  Satellite  (OTS)  at  the  Arctic  islands  of  Spitsbergen  (78°N).  The 
elevation  angle  to  the  satellite  was  3.2°  and  the  frequency  11.8  GHz. 

The  experiments  carried  out  included  measurements  of  atmospheric  scintillations,  cross¬ 
polarisation  discrimination  and  space  diversity  improvements.  The  measurements  showed 
that  the  distributions  of  the  received  satellite  beacon  amplitude  can  be  approximated  by 
Rice-distributions.  Large  diversity  gain  was  obtained  by  using  horisontal  spacing  of  1 
km.  A  wideband  (TV)  transmission  experiment  was  also  performed  with  good  result. 


1  INTRODUCTION 

One  of  the  prime  parameters  in  geostationary  satellite  system  design  is  the  margin  in 
signal  level  needed  to  take  account  of  signal  attenuation  by  the  atmosphere.  At  pre¬ 
sent,  attention  is  focussed  on  the  knowledge  of  climatic  variations  and  the  influence  of 
elevation  angle  on  signal  attenuation  and  crosspolarisation  at  frequencies  above  10  GHz 
(CCIR,  1982]. 

A  considerable  amount  of  data  has  been  collected  on  attenuation  and  crosspolarisation 
statistics,  measured  at  mid-latitudes.  However,  relatively  little  is  known  on  the  char¬ 
acteristics  of  low-elevation  paths  to  high-latitude  stations,  such  as  statistical  pro¬ 
perties  of  the  fading,  seasonal  variations,  crosspolarisation  degradation  and  possible 
space  diversity  improvements. 

To  gain  knowledge  of  these  characteristics,  propagation  experiments  at  11  GHz  have  been 
performed  at  Isfjord  Radio,  Spitsbergen  (78°N,  13.6°E),  figure  1,  using  the  Orbital 
Test  Satellite  (OTS) . 

The  different  experiments  were  conducted  during  the  period  from  April  1979  to  August 
1982.  Some  of  the  results  have  been  presented  earlier  [Gutteberg,  1981]. 
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2  DESCRIPTION  OF  EXPERIMENTS 

The  OTS-satell ite  is  positioned  at  5°E  (until  14  April  1982  at  10°E),  which  means 
that  the  satellite  is  almost  seen  at  the  maximum  elevation  angle  from  Isfjord  Radio. 

The  geometric  elevation  angle  is  3.2°,  with  an  average  ray  bending  of  0.2°.  As¬ 
suming  a  tropospheric  height  of  8  km,  the  ""ay  propagates  through  more  than  120  km  of  the 
troposphere.  One  should  therefore  expect  the  received  signal  to  be  influenced  by  scat¬ 
tering  and  reflections  due  to  turbulent  air  masses.  At  this  very  low  elevation  angle, 
temperature  inversions  could  also  cause  duct  transmissions. 

The  first  experimental  earth  station  was  put  into  operation  in  April  1979,  receiving 
both  the  co-and  crosspolar  components  of  the  11.8  GHz  circularly  polarised  satellite 
beacon.  The  station  was  equipped  with  a  3  meter  Cassegrain  antenna  and  phase-locked 
receivers.  The  station  characteristics  are  summarized  in  table  1  (station  A). 

During  the  spring  1982  two  additional  small  earth  stations  for  site  diversity  measure¬ 
ments  were  installed.  The  two  equal  small  OTS  terminals  were  receiving  the  linear  po¬ 
larised  telemetry  beacon  at  11.6  GHz.  The  stations  were  equipped  with  1  meter  Casse¬ 
grain  antennas  and  phase  locked  receivers.  Other  station  characteristics  are  given  in 
table  1  ( station  B) . 

Low  angle  space  diversity  measurements  performed  in  Arctic  Canada  at  6  GHz  [Strickland, 
1978,  1980]  showed  poor  diversity  gain  with  horisontal  spacing  up  to  500  meters.  In  our 
experiment  it  was  therefore  decided  to  use  a  spacing  of  more  than  1  km. 
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For  a  further  investigation  of  the  scintillation  phenomena,  an  acoustic  sounder  (SODAR) 
were  used  during  the  diversity  experiment  at  Spitsbergen  summer  1982.  The  SODAR  was 
placed  almost  under  the  beam,  7  km  away.  Thus  the  radio  and  the  acoustic  beams  inter¬ 
sected  at  an  approximate  height  of  450  meter. 

The  beacon  measurements  at  Spitsbergen  in  1979  and  1980  showed  large  scintillations  of 
the  received  signal.  However,  there  existed  little  knowledge  of  the  possible  coherent 
bandwidth  that  could  be  received  at  such  a  low  elevation  angle.  Therefore  a  wide  band 
experiment  was  performed  during  July  1982.  A  frequency-modulated  TV-signal  with  27  MHs 
bandwidth  was  transmitted  via  OTS  and  received  at  Isfjord  Radio.  The  receive  earth  sta¬ 
tion  used  in  this  experiment  was  a  modified  version  of  station  A,  table  1. 


Table  1  :  Stations  characteristics 


Location  Isfjord  Radio,  Spitsbergen 

Coordinates  1 3 , 64°E/78 , 06°N 

Elevation  angle  (OTS,  10°E)  3,2° 

Asimuth  angle  (OTS,  10°E)  183,8° 


Station  type: 


Station  parameters 

A 

B 

Units 

Beacon  frequency 

11,786 

11,575 

GHz 

Polarisation 

Circular 

Linear 

Antenna  system 


Antenna  type 

Diameter 

Gain 

Beamwidth 

Crosspolarisation  isolation 
Deicing  power 

Receiving  system 

Cassegrain 

3 

49,5 

0,6 

>35 

8 

Copol  Xpol 

Cassegrain 

1 

39,6 

2,0 

none 

meter 

dB 

deg 

dB 

kW 

Clear  sky  signal  level 

—  104 

—  139 

—  123 

dBm 

at  receiver  input 

G/T 

20,5 

24,7 

1  1  ,6 

dB 

Noise  temperature 

800 

300 

630 

°K 

Level  detector  type 

PLL 

PLL 

PLL 

Locking  range 

±200 

±200 

±40 

kHz 

Dynamic  range 

~20 

~25 

~1  5 

dB 

Post  detection  bandwidth 

10 

1 

1 

Hz 

Data  acquisition  system 


Sampling  rate 

10  1 

2  Hz 

Tape  recorder 

Tandberg  TDC-3000 

Tandberg  TDC-3000 

Strip  chart  recorder 

Gould  816 

hp  7130A 

3  EXPERIMENTAL  RESULTS 


3. 1  Atmospherique  scintillations 

Due  to  variations  of  the  temperature  and  humidity  within  small  volumes  of  the  atmo¬ 
sphere,  the  refractive  index  profile  will,  at  certain  heights,  depart  from  its  normal 
exponential  decay.  This  may  cause  bending,  scattering  and  reflections  of  the  ray.  At 
very  low  elevation  angle  one  should  therefore  expect  the  received  signal  to  be  heavily 
influenced  by  turbulent  air  masses. 

Figure  2  shows  an  example  of  the  recorded  co-and  crosspolar  signals  at  Isfjord  Radio. 
This  is  a  typical  plot  of  the  signal  variations  (scintillations)  during  the  Arctic  sum¬ 
mer  months  (July/August)  with  peak-to-peak  variations  around  5  dB.  A  compressed  time 
plot  of  the  received  signal  for  an  87  hours  period,  is  shown  in  figure  3. 
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In  figure  4  and  5  are  shown  the  cumulative  amplitude  distributions  of  the  scintilla¬ 
tions.  As  seen,  there  are  large  annual  variations.  During  the  Arctic  winter  (October- 
May) ,  maximum  fadings  are  only  about  5  dB.  This  is  also  expected  since  the  atmosphere 
is  quite  stable  during  the  Arctic  winter.  However,  in  summer,  deep  fadings  up  to  20  dB 
are  experienced.  This  may  be  due  to  high  refraction  index  gradients. 

The  distribution  for  July/August  1979  is  well  above  the  distributions  for  the  summer 
period  1980,  probably  due  to  the  exceptional  high  mean  temperature  (7.6°C)  during  July 
1979.  The  30  year  July  average  is  4.9°C. 

It  would  have  been  of  great  help  for  the  planning  of  earth  stations  in  the  Arctic,  if 
one  could  find  a  correlation  between  the  fading  level  and  a  simple  meterological  para¬ 
meter,  e.g.  the  ground  temperature. 

In  figure  6  is  plotted  the  fading  level  at  99,99%  availability  versus  the  mean  tempera¬ 
ture  for  each  month.  It  seems  to  exist  a  strong  dependence  between  the  scintillations, 
at  a  certain  reliability  level,  and  the  monthly  mean  ground  temperature  (or  N0).  To  a 
certain  extent,  we  are  therefore  able  to  predict  the  fading  level,  knowing  the  mean 
ground  temperature. 

The  received  signal  will  consist  of  a  direct  one  plus  a  scattered  signal  due  to  turbu¬ 
lence  activity.  If  we  assume  that  the  scattered  field  consists  of  several  components 
with  random  amplitude  and  phase,  then  the  resulting  signal  distribution  could  be  de¬ 
scribed  by  a  Rice-distribution,  i.e.  a  constant  vector  plus  a  Rayleigh  distributed 
vector . 

Rice-distrubutions  with  different  values  of  K,  where  K  is  the  ratio  of  power  in  the  ran¬ 
dom  component  relative  to  the  steady  component,  have  been  drawn  in  figure  7  together 
with  the  monthly  and  "worst  day"  distributions.  It  is  seen  that  the  "worst  day"  distri¬ 
butions  fit  quite  well  a  Rice-distribution  with  K=-10  dB.  The  monthly  distributions, 
which  is  a  sum  of  Rice-distributions  with  varying  standard  deviations,  will  generally 
not  be  a  Rice-distribution.  This  is  especially  the  case  for  large  values  of  K,  i.e.  the 
summer  months.  If  the  scattered  components,  however,  is  small  relative  to  the  direct 
component,  the  distribution  will  be  similar  to  a  Normal-distribution.  Therefore  the 
distributions  for  the  winter  months  will  closely  follow  Ricedistributions  with  small 
values  of  K.  This  supports  the  assumption  that  the  received  signal  consists  of  one  di¬ 
rect  component  and  several  scattered  components,  and  that  the  fadings  are  not  due  to 
beam  bending  effects. 

Looking  at  the  corresponding  recordings  from  the  OTS-recei vers  and  the  SODAR,  one  can 
see  that  the  large  peak-ro-peak  values  of  scintillations  are  clearly  assosiated  with  the 
existence  of  temperature  inversions  at  about  200  meters  above  sea  level.  During  periods 
when  no  temperature  inversions  were  detected,  the  scintillations  were  much  smaller. 
Figure  8  shows  an  example  of  recordings  from  the  SODAR,  and  the  corresponding  recording 
of  the  beacon  signal.  We  can  see  two  temperature  layers  above  each  other.  When  they 
disappear  at  approximatly  1330  GMT,  the  signal  variations  drops  from  ca  6  dB  peak-to- 
peak,  down  to  less  than  1  dB  peak-to-peak .  Another  example  is  shown  in  figure  3,  where 
a  temperature  inversion  layer  at  200  meters  height  existed  from  0720-1220  on  27th  July 
82. 


3 . 2  Crosspolarisation  due  to  sleet  and  snow  in  the  path 

Crosspolarisation  measurements  were  only  systematically  done  during  the  summer  months 
1979  at  Spitsbergen. 

Figure  1  shows  a  recording  of  the  co-  and  crosspolar  signals  on  25  July  1979  at  Isfjord 
Radio.  As  seen,  the  scintillations  of  co-  and  crosspolar  levels  are  equal.  This  is 
generally  the  case,  and  there  is  no  degradation  of  the  XPD.  However,  during  overcast 
and  sleet/snow  in  the  path,  the  XPD  becomes  worse.  In  figure  9  is  shown  the  cumulative 
distributions  of  the  crosspolarisation  discrimination.  Also  for  the  XPD’s  the  summer 
months  are  the  worst  months. 

The  resulting  distributions  of  attenuation  and  XPD  for  the  period  May-August  1979  have 
been  calculated.  Using  these  distributions,  the  XPD  value  corresponding  to  the  co-polar 
value  for  the  same  probability  level,  has  been  plotted  in  figure  10.  It  is  seen  that 
there  seems  to  exist  a  statistical  relationship  between  the  attenuation  (ATT)  and  cross¬ 
polarisation  discrimination  (XPD)  due  to  sleet/snow  in  the  path,  given  by  the  equi-pro- 
bability  equation: 

XPD  (dB)  =  27  -  8  lg  ATT  (dB) 


3 . 3  Space  diversity 

For  investigation  of  the  space  diversity  improvement,  two  "mini"-OTS  terminals  were  in¬ 
stalled  at  Isfjord  Radio,  summer  1982,  receiving  the  linear  polarised  telemetery  beacon 
from  OTS.  One  terminal  was  located  at  the  rad io-stat ion  (OTS-I)  and  the  other  (OTS-I1) 
with  a  horizontal  separation  of  1150  meters,  see  figure  11.  The  vertical  separation  was 
approximately  zero.  The  measuring  period  was  from  14  July-2  August  1982. 
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The  acoustic  sounder  (SODAR)  was  put  up  under  the  beam  of  the  OTS-II  terminal,  thus  the 
acoustic  radar  and  the  earth  station  were  "seeing"  a  common  volume  of  the  atmosphere. 

Examples  of  the  received  satellite  signals  from  the  two  stations  are  shown  in  figures  3, 
8  and  12.  In  figure  12,  where  the  paper  speed  is  4,5  cm/min,  we  can  clearly  see  that 
the  short  time  variations  of  the  signals  are  uncorrelated.  The  signals  were  also  re¬ 
corded  digitally  on  magnetic  tapes,  and  cumulative  distributions  of  the  signal  levels, 
both  for  each  station  and  for  the  site  diversity  system  were  calculated.  The  87-hour 
period  shown  in  figure  3,  is  representative  for  the  whole  measuring  period.  The  cumula¬ 
tive  distributions  for  this  period  is  shown  in  figure  13. 

The  single  site  distributions  (OTS-I  and  II)  are  almost  identical,  as  the  scintillations 
are  random  by  nature,  whereas  a  substantial  site  diversity  improvement  is  acheived.  For 
example  at  a  3  dB  fading  level  the  single  site  reliability  is  99%,  and  the  site  diver¬ 
sity  reliability  is  99,92%. 

The  distributions  for  the  total  measuring  period  ( 17  July-2  August  1982)  is  shown,  to¬ 
gether  with  the  other  distributions,  in  figure  5.  Since  the  distributions  for  OTS-I  and 
II  are  almost  identical,  only  one  single  site  distribution  is  plotted.  Again  it  is  seen 
that  at  a  3,2  dB  fading  level  the  availability  improves  from  99%  to  99,9%,  due  to  site 
diversity. 


3 . 4  Wide  band  transmission 

As  previously  mentioned,  little  knowledge  exists  of  the  characteristics  of  selective 
fading  at  very  low  elevation  angle.  Comprehensive  measurements  of  selective  fading 
could  be  done  by  using  multi-  or  swept  frequency  techniques.  However,  due  to  the  lim¬ 
ited  time  for  planning  and  performing  such  experiments,  it  was  decided  to  perform  an 
direct  experiment,  involving  the  reception  of  a  wide-band  signal  ( FM-modulated  TV-sig¬ 
nal)  at  Isfjord  Radio.  As  previously  shown,  the  most  severe  fading  is  confined  to  the 
Arctic  summer  months.  Accordingly  this  experiment  was  conducted  during  July  1982. 

The  transmit  station  was  Goonhilly  Downs  in  England.  A  frequency  modulated  TV-signal 
(PAL)  saturated  one  of  the  wide  band  transponder  of  OTS  to  give  a  receive  frequency  of 
11.6  GHz.  The  frequency  deviation  used  was  13.5  MHz/V  and  receive  filter  bandwidth  was 
27  MHz.  The  link  budget  is  given  in  table  2. 

Due  to  the  signal  scintillations,  the  received  C/N-ratio  had  large  fluctuations.  At  20 
July  1982  the  following  values  were  measured  between  2110-2225  GMT: 

£  =  12,3  dB 

max 


The  TV-transmissions  took  place  from  13-23  July,  approximately  3  hours  per  day,  con¬ 
taining  colour  bars,  pulse  and  bar  and  videofilm  sequences.  Two  hours  were  recorded  on 
video-tape.  The  picture  quality  was  judged  to  be  fair  (Q=3),  and  from  observations  of 
the  colour  bar  spectrum,  there  seemed  to  be  no  severe  selective  fading  during  the  exper¬ 
imental  period. 


4  CONCLUSIONS 

In  polar  areas  with  low  elevation  angle  (<5°)  the  predominant  type  of  fading  is  scin¬ 
tillation.  The  fading  seems  to  be  caused  by  a  combinations  of  scattering  and  reflec¬ 
tions  from  turbulent  air  masses.  Deep  fadings  are,  however,  associated  with  temperature 
inversions  in  the  atmosphere.  The  monthly  distributions  of  the  scintillations  can  be 
approximated  by  Rice-distributions  with  average  values  of  the  power  ratio  of  the  random 
component  to  the  steady  component  of  -20  dB,  -13  dB  and  -10  dB  for  the  best  month,  worst 
month  and  worst  day,  respectively. 

At  very  low  elevation  angle,  large  improvement  by  using  space  diversity  can  be  ob¬ 
tained.  With  a  horisontal  separation  of  the  two  stations  of  approximately  1  km,  the 
availability  is  increased  from  99%  to  99,9%  at  a  3  dB  fading  level. 

In  areas  with  little  rain,  as  the  polar  areas,  cross  polarisation  due  to  sleet  and  snow 
on  the  path  may  be  the  most  dominant  effect.  In  the  measurements  at  Spitzbergen,  a 
statistical  relationship  (equi-probabil ity  equation)  between  attenuation  (ATT)  and 
crosspolarisation  (XPD)  were  found: 

XPD(dB)  -  27  -  8  lg  ATT(dB) 

Selective  fading  over  27  MHz  bandwidth  was  not  observed  at  Spitzbergen,  and  reception  of 
frequency  modulated  satellite  TV-signals  down  to  elevation  angles  of  at  least  3°  is 
possible  with  good  quality. 


Transmit  station:  Goonhilly  Downs,  England 
Receive  station:  Isfjord  Radio,  Spitsbergen 
Frequencies  up/down:  14262,5/11600.0  MHz 


Satellite:  OTS,  5°E 


Transponder:  Channel  4  bar  (saturated),  gain  step  7 

Modulation:  FM,  frequency  deviation  13,5  MHz/V,  energy 

dispersal  1,2  MHz  peak-peak 


EIRP  (sat) 

47,5 

dBW 

(  1) 

Aspect  angle  loss 

6,8 

dB 

(2) 

Down  path  loss 

206,1 

dB 

Atmospheric  absorption 

1,0 

dB 

(3) 

Earth  station  G/T 

24,0 

dB 

(4) 

Pointing  loss 

0,1 

dB 

Up-link  noise 

0,2 

dB 

Total  link  C/T 

-142,7 

dBW/K 

Receiver  BW  (27  MHz) 

74,3 

dBHz 

C/N  at  receiver 

11,6 

dB 

Notes : 

(1)  Beam  centre  EIRP;  OTS  report  on  in-orbit 
measurements  vol  1;  p  255  and  219 

(2)  With  OTS  at  5°E,  re-orientated  in  pitch  bias 
by  0.4°,  ref  Interim  EUTELSAT,  private 
correspondence 

(3)  Calculated  using  equivalent  height  of  oxygen  6 
km  and  water  vapour  1,5  km, 

ref  CCIR  report  719,  Geneva  1982 

(4)  Measured  value,  assuming  an  antenna  noise 
temperature  (clear  sky)  of  100°K  and  an 
antenna  gain  of  49  dB 
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Figure  4  Cumulative  distributions  of 
scintillations  (1979) . 


Figure  r>  Cumulative  distributions  of 
scintillations  (1980  and  82) 
and  diversity  (1982). 
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Figure  10  Statistical  relationship  between  atten¬ 
uation  and  crosspolar  discrimination. 


Figure  9  Cumulative  distributions  of  cross- 
polarisation  discrimination,  1979. 
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Figure  11  Geometry  of  the  space  diversity  experiment  at  Isfjord 
Radio,  1982  (OTS  5°S) .  Both  stations  heights  above 
sea  level:  7  meters. 
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Figure  12  Registration  of  the  linear  polarised  beacon  from  OTS.  Space 
diversity  experiment,  Isfjord  Radio  14  July  1932. 
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Figure  13  Cumulative  distributions  of  scintillations  for  single  sites  (OTS-r  and  0TS-I1) 
and  the  diversity  system. 

Period:  23-28  July  1982  (8263  min).  Time-plot  for  the  same  period  is  shown  in 
Figure  3. 


DISCUSSION 


M.P.M.  Hall  (U.K.):  I)  Your  paper  gives  information  which  is  all  too  scarce  on  low  elevation  angle  paths. 
You  include  diversity  spacing  of  1.1  km.  Could  your  observation  of  the  time  fading  records  and  of  the 
propagation  phenomena  allow  you  to  speculate  on  whether  diversity  improvement  would  be  similar  for  slightly 
lower  spacing  (e.g.,  a  hundred  meters  or  so),  and  how  rapidly  diversity  improvement  would  increase  with 
additional  distance? 

2)  As  well  as  the  conventional  "worst  month"  data,  you  mentioned  the  "worst  day"  and  "best  month" 
data.  Are  you  able  to  comment  on  the  user  requirement  for  such  data? 

0.  Gutteberg  (Norway):  I)  The  signal  level  variations  are  most  probably  due  to  scattering  from  the 
turbulent  part  of  the  atmosphere.  I  would  therefore  expect  the  diversity  gain  to  be  related  to  the  size  of 
the  turbulent  atmospheric  structure.  Since  the  size  of  turbulent  air  masses  can  be  much  smaller  than 
1.0  km,  I  would  say  that  the  diversity  improvement  would  be  similar  for  horizontal  spacing  slightly  lower 
than  1.0  km.  However,  I  would  like  to  mention  that  low  angle  space  diversity  measurements  performed  in 
Arctic  Canada  showed  poor  diversity  gain  with  horizontal  spacing  of  1*90  meters.  The  same  diversity 
improvement  was  also  obtained  with  vertical  spacing  of  20  meters. 

2)  I  have  given  the  "worst  month,"  the  "worst  day,"  and  the  "best  month"  distributions  to  indicate 
the  range  of  fading  levels  (or  the  K-value)  as  shown  in  Figure  7.  I  have  no  comment  for  the  user 
requirement  for  such  data. 

L.  Boithias  (France):  Sur  les  abscisses  des  figures  I*  et  5,  ot>  se  situe  le  niveau  d'espace  libre? 

0.  Gutteberg  (Norway):  As  we  do  not  know  neither  the  exact  EIRP  from  the  0TS  towards  Spitzbergen  nor  the 
variations  in  EIRP,  is  difficult  to  do  an  accurate  calculation  of  the  free  space  level.  The  received 
signal  varies  all  of  the  time,  c.f.,  Figures  2,  3,  and  8.  Accordingly,  as  a  reference  level  (0  dB) ,  we 
are  using  the  average  value  of  the  signal  level  for  the  last  recorded  18  hours.  This  corresponds  to 
approximately  the  median  value  as  seen  from  Figures  4,5,  and  13,  and  this  is  again  close  to  the 
approximated  value  of  the  free  space  level. 

E.  Vilar  (U.K.):  I)  Have  you  carried  out  a  spectral  analysis? 

2)  This  is  only  a  comment.  I  suggest  that  your  records  show  scintillation  phenomena  with  a  good 
symmetrical  pattern  superimposed  on  a  variation  of  the  mean  value.  The  knowledge  of  the  carrier 
frequency  of  the  spectrum  (likely  to  be  in  the  range  from  0.01  to  0.10  Hz)  gives  an  indication  of 
the  natural  periodicity  of  the  process  (i.e.,  the  period  is  about  100  seconds),  and  that  several  times 
this  value,  such  as  10  times  (about  20  minutes)  would  give  you  a  reliable  mean  value.  This  mean  value 
varies  according  to  gaseous  absorption,  which  is  significant  at  X-band  for  such  long  "effective"  earth- 
space  paths. 

0.  Gutteberg  (Norway):  I)  No. 

T.J.  Moulsley  (U.K.):  This  is  only  a  comment.  With  regard  to  your  scintillation  measurements  there 
arises  the  problem  of  removing  fluctuations  in  amplitude  dues  to  other  causes  (beacon  level  fluctuations, 
receiver  system  effects,  etc).  Observations  of  0TS  at  Portsmouth,  United  Kingdom,  and  at  other  sites  have 
shown  a  diurnal  pattern  of  level  variations  of  the  order  of  +_  I  dB  with  significant  changes  occurring  over 
fairly  short  periods  (  such  as  one  hour).  This  would  suggest  that  the  time  constant  of  any  high  pass 
filtering  should  be  shorter  than  one  hour.  The  diurnal  variations  in  mean  level  can  be  seen  in  Figure  3 
of  your  paper. 

0.  Gutteberg  (Norway):  The  diurnal  variation  of  the  circularly  polarized  beacon  (B0)  from  0TS  is  of  the 
order  of  1.0  dB.  Figure  3  shows,  however,  recordings  of  the  linearly  polarized  telemetry  beacon  (TM)  from 
0TS.  The  diurnal  variation  of  this  beacon  is  much  less,  approximately  0.2  dB. 

The  variations  in  mean  level  shown  in  Figure  3  probably  not  due  to  diurnal  effects  in  the 
satellite.  This  can  also  be  seen  from  recordings  longer  than  the  87  hour  period  shown  in  Figure  3. 

S.  Rotheram  (U.K.):  The  paper  refers  to  scintillation  arising  from  tropospheric  structures.  Is  ionospheric 
scintillation  associated  with  auroral  events  a  significant  effect  at  these  high  latitudes? 

0.  Gutteberg  (Norway):  We  have  not  observed  any  scintillations  associated  with  auroral  events. 


BLUE-GREEN  PROPAGATION  THROUGH  CLOUDS 
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ABSTRACT 


Optical  communications  in  the  atmosphere,  space  and  underwater  is  being  investigated 
for  a  variety  of  applications.  The  performance  of  a  space  to  earth/underwater  link  through 
the  adverse  atmospheric  propagation  channel  is  of  paramount  importance.  The  presence  of 
clouds  along  the  propagation  path  scatter  the  blue-green  radiation  (selected  for  minimum 
cloud  and  sea-water  absorption)  and  cause  spatial,  angular,  and  temporal  spreading  of  the 
beam.  This  condition  decreases  the  peak  power  at  the  receiver  by  both  multipath  time 
delays,  and  spatial  spreading  and  also  increases  the  apparent  source  size.  Performance  may 
be  seriously  degraded.  This  effect  can  be  somewhat  compensated  for  by  adapting  the 
receiver:  for  example,  increasing  the  field-of-view  of  the  receiver  to  accept  the  scattered 
radiation.  Measurements  of  the  temporal,  spatial,  and  angular  spreading  of  a  blue-green 
pulse  through  clouds  and  fogs  have  been  made  as  a  function  of  optical  thickness  and  receiver 
field-of-view.  The  fog  data  was  collected  between  two  ground  sites  at  Point  Loma.  San 
Diego,  separated  by  1  km.  The  cloud  data  was  obtained  from  a  receiver  on  the  ground 
(Kauai.  Hawaii)  looking  upward  to  a  large  (6  km)  spot  on  the  cloud  from  a  laser  beam  on  an 
aircraft  at  40.000  feet.  Comparison  of  experiments  with  theory  are  made. 
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Optical  anti  IR  propagation  can  he  strongly  i  n  f  1  uenced  by  aerosol  in  the  Marine 
boundary  layer.  The  effects  are  wavelength  dependent  and  there  is  no  "best"  to  vel  eogt 1 
to  use  in  all  cases.  Thorn  aro  sources  and  sinLs  of  this  aerosol  in  operation  over  the 
ocean  which  can  he  predicted  fron  a  full  knnwleHye  of  the  netenrol oy i c a  1  situation. 

Once  airhorne  the  spatial  distribution  of  the  aerosol  is  a  function  of  tie  mixing 
processes,  the  ri i c ronet eo r o 1 ngy  of  the  marine  boundary  layer  as  well  as  the  history  of 
these  processes  to  which  the  aerosol  is  exposed. 

Mluch  of  the  marine  aerosol  is  hyyroscopic  which  means  that  the  site  of  individual 
particles  depends  on  the  ambient  relative  humidity  to  which  they  are  exposed.  Sinn  the 
relative  humidity  in  the  marine  boundary  layer  is  high,  the  aerosol  has  the  form  of 
small  spheres  or  droplets.  The  index  of  refraction  of  fhese  droplets  is  also  a  'unction 
of  the  relative  humidity  being  close  to  that  of  water  for  relative  tumidities  close  to 
100  percent.  The  marine  aerosol  size  distribution,  which  describes  t.be  concentration  o' 
droplets  for  each  size  class,  ca n  »he  ‘mode  1  ed  from  standard  meteorological  parameters. 
Once  this  function  is  known,  the  resultant  extinction  and  absorption  can  be  calculated 
fron  the  size  distribution  for  wavelengths  of  from  0.?  to  an.n  micrometers  using  " i e 
theory  . 

s  _____ 

In  addition  to  the  assessment  of  current  optical  and  !R  properties  from  the  current 
meteorological  measurements,  the  model  allows  the  stored  historical  marine  data  bases  to 
he  used  to  produce  climatologies  of  the  optical  and  IP  properties  over  the  oceans 
because  any  standard  set  of  meteorological  measurements  can  bp  utilized  for  this 
purpose.  In  addition  the  art  of  meteorological  forecasting  can  be  employed  to  forecast 
the  necessary  model  inputs  fron  which  desired  future  optical,  and  III  properties  can  he 
deterni  net! . 

Introduction: 

The  reception  of  electromagnetic  energy  through  f  be  atmosphere  is  a  basic  for-'  of 
human  connunicat i on .  I  am  speaking  of  course  to  Loth  the  reception  of  highly  developed 
optical  information  with  our  eyes  as  well  as  the  less  developed  sense  o‘  'mat  radiation 
from  a  hot  object  we  can  feel  with  our  skins. 

From  our  earliest  nprinries,  most  of  us  can  remember  the  nbscurence  of  a  distant 
object  such  as  a  mountain  peak  during  hazy  days  or  nearby  objects  during  a  misty  'eg 
event.  The  subject  I  will  address  today  is  an  elaboration  of  these  natural  processes. 

As  we  have  expanded  and  developed  our  sensors  and  transmitters  in  the  optical  and 
infrared  wavelengths,  we  have  become  aware  of  the  physical  binderenr.es  t  „  good 
"connu  n  i  c  a  t  i  n  n  which  our  natural  environment  produces. 


The  coupling  of  science  of  meteorology  to  the  unders t a nd i eg  of  njtical  ,i».<  in'rared 
communication  has  been  the  object  of  recent  research.  An  important  parameter  in 

describing  the  degradation  in  the  performance  of  point-to-point  . . . . . a t i on  in  t  b . 

visihl e/[R  frequency  domain  is  the  concept  of  the  extinction  coefficient.  This  is  - 
parameter  quantifying  this  profess  of  removing  energy  from  a  beam  by  both  scattering  and 
absorption  of  the  energy.  Extinction  is  caused  by  both  individual  atmospheric  molecules 
as  well  as  large  groups  o'  molecules  called  aerosols. 


Atmospheric  air  is  a  mixture  of  gases  made  up  of  both  mmyarying  and  varying 
components.  It  is  composed  of  dry  air  plus  water  in  any  o'  its  three  physical  states 
and  its  airhorne  particulates.  The  optlcal/H!  properties  of  nonvarying  gaseois 

component  of  atmospheric  air  once  measured,  can  he  easily  accounted  for.  I'roMnns  conn 
when  a  major  portion  of  the  extinction  is  done  by  the  varying  atmospheric  constituents, 
both  molecular  and  particular.  It  is  at  this  point,  that  meteorological  processes  must 
he  invoked  in  order  to  predict,  the  extinction  from  the  varying  portion  of  *>,. 
atmosphere. 


The  relationship  of  the  processes  o'  molecular  extinction  with  the  in-situ 
meteorological  situation  is  beyond  the  scope  of  this  present  a t i on .  Many  Lave  studio  i 
these  processes  and  indeed  these  extinctions  can  be  predicted  with  computer  programs 

Such  as  LOL'TRAN  and  MITRAL1.  In  the  interest  of  the  time  available  it  is  ntr.essarv  t  n 

limit  the  scope  of  this  discussion  to  the  extinctions  produced  ly  atmospheric  aerosol 
and  in  particular  to  that  subclass  of  the  aerosol  known  is  the  natun.l  marine  aerosol. 
Under  certain  conditions  this  is  tte  dominant  cause  nf  extinction  an,1  it  is  important, 
for  the  effectiveness  of  our  fleets  tn  know  when  and  why  such  rmr'it  inm;  'sill  |U"w 
in  the  marine  boundary  layer. 

An  exact  theory  was  developed  in  T '»("•:«  by  'lie  which  relates  the  scattering  and 
absorption  nf  electromagnetic  energy  from  a  sphere  of  known  index  ef  ri  fraction. 
Therefore,  if  we  know  t<>e  concentration  of  earh  siz-  class  u '  aerosol  and  f‘„ir  index 
refraction  we  also  can  know  about  the  passage  of  visible/JP  energy  through  an  1  > 

containing  this  aerosol.  fine  can  thus  describe  the  physics  n*  the  product  i  >n  and 

lifetimes  as  well  as  characteristics  of  the  whole  population  of  this  aerosol  in  terms 


Cofpf  available  to  DTIC  does  not 
permit  tull?  legible  reproduction 
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the  meteorological  processes  t  a  k  i  r?  *j  place  and  then  calculate  f.l*n  Oj»tical  /  I**  p  rope  rt  i  es 
of  the  aerosol  fron  theory. 

Son rces  and  Sinks  of  Aerosol. 


What  h rt*  aerosols,  where  do  they  com**  fron,  how  do  wo  fn'.isur»*  then,  vihat  haj  pens  to 

them,  art*  .ill  questions  which  art*  of  interest  to  os,  A  general  definition  of  an  aerosol 

found  in  n  typical  scientific  glossary  is  that  it  is  a  gaseous  suspension  of  ultrasnail 
particles  in  either  the  liquid  or  sol  i  ^  state.  Smnke#  dust,  or  s^a  spray  are  all 
extreme  forms  of  the  largest  aerosol  particles.  Host  of  the  atmospheric  aerosol 

particles  are  not  even  visible  under  optical  microscopes  ana  special  techniques  oust  he 

used  to  measure  and  detect  then. 

1  !hen  we  determine  the  opt  i  cal  /I  R  effects  produced  hy  the  aerosol,  the  size 
distribution  of  the  aerosol  population  mist  he  known.  This  is  a  function  describing  for 
each  size  the  mother  of  particles  within  a  certain  hand  of  sizps  divided  by  the  wiHth  of 
the  bane.  (liven  this  function,  the  index  of  refraction  of  the  (Material  naHm,  up  the 
aerosol  and  the  assumption  that  these  particles  are  spherical  in  shape a  the 
opt  i  ca  1 /IK’ -character  i  st  i  cs  of  the  aerosol  population  can  he  calculated. 

There  are  a  nimher  of  natural  sources  of  aerosol.  However  in  urban  areas,  the 
total  concent  rat  i  ofi  is  at  least,  an  order  of  magnitude  greater  than  in  rermte  rural 
locations  which  in  turn  is  an  order  of  magnitude  greater  than  is  usually  found  ovijr  the 
ocean.  Table  I  illustrates  the  origin  and  chemical  composition  in  a  general  way  of  the 
broad  classes  of  atmospheric  aerosol  sources.  The  size  d i s t r i but i on  resulting  from  each 
of  these  production  processes  is  not  fh».  san**.  It  is  obvious  that  at  different  sites  on 
t.  he  earth's  surface,  certain  processes  will  be  no  re  important  than  others.  In  the 
marine  environment,  process  number  four  is  the  important  aerosol  source  and  i  s  the  one 
which  will  be  concentrated  on  in  this  paper. 

Whenever  there  are  sources  of  quantities,  they  must  be  balanced  by  sinks  of  the 
quantities  in  order  to  achieve  a  halance  in  tine.  The  sinks  of  atmospheric  aerosol  are 
size  depindent.  Aerosol  of  certain  size  class  are  removed  rapidly  whereas  in  other  size 
classes,  the  removal  process  is  slower.  This  of  course  is  reflected  in  the  shape  of 
aerosol  si2e  distribution  function.  Table  II  lists  tin-*  important  aerosol  elimination 
process'  s  . 

‘lany  techniques  have  been  developed  to  determine  the  size  distribution  of  the 
atmospheric  aerosol.  A  listing  of  these  instruments  and  the  range  of  applicability  is 
shown  in  Table  III.  Unfortunately,  there  is  no  technique  yet.  developed  which  is  broad 
enough  in  range  to  measure  the  entire  aerosol  size  spectrum.  These  functions  then  are 
usually  determined  by  patching  together  several  sets  of  instruments  in  order  to  obtain 
an  overall  view  of  the  whole  size  distribution. 

Other  instruments  have  boon  developed  which  give  related  parameters  of  an  aerosol 
cloud  such  as  particle  counters  which  measure  the  net  concent r  at  i  on  of  aerosol  particles 
and  nephe 1  one t e rs  which  give  the  total  amount  of  scattering  produced  by  tie  aerosol 
pop ii  1  a  t  i  on  . 

’lari  n e  A o r o sol. 


The  marine  environment  and  the  aerosol  it  contains  has  certain  properties  which 
sinplity  the  characterization  of  the  aerosol  population  within  the  marine  boundary 
layer,  allowing  ns  to  relate  certain  features  of  the  aerosol  size  distribution  t.n  causal 
meteorological  processes  producing  these  features.  (liven  this  casual  r e 1  a t i n u s h  i  p 
between  the  marine  Meteorology  and  the  marine  aerosol  s  i  z  •*  distribution,  it  can  i*.* 
extended  into  a  relationship  between  nar in*  meteorology  ami  t.h  *  optical  and 
1  iNp ropaga t  i  on  parameters. 

The  Marine  atmosphere  lias  certain  advantages  with  respect  to  continental 
atnnsph»»r»?s  because  of  its  uniformity.  The  chemistry  and  geometry  of  the  S'-a  itself 
does  not  change  appreciably  from  point  to  point,  about,  the  ^lolu*.  This  n»i  lnr"i  ty  allows 
a  s inpl i f 1  cat i on  in  the  construction  of  marine  boundary  layer  models. 

The  only  large  scale  source  of  atmospheric  aerosol  operating  within  the  marine 
hnunrlary  layer  is  that  assoc iated  with  white  water  I  hennmena  and  its  di spurs  ion  of 
Ii  4  ii  i  d  droplets  into  the  at«»os,.here.  Of  course  if  an  air  mass  b.»s  recently  left  \ 
continental  land  area,  the  processes  of  aerosol  elimination  has  not  yet  I'm  n  in 
operation  long  enough  to  Completely  eliminate  this  component  nf  l.hi»  aerosol  j.»«  pu  1  a  t  i  o  n , 
be  would  °  x  p  **  c  t  the  aerosol  composition  in  the  marine  layer  to  he  somewhat  "  r  o  nt  i  n  •  r  t  a  1  " 
in  its  characteristics  for  air  masses  which  Imv*  recently  com**  to  s-a  m»*  ’mv-'  not  i  i>"n 
long  exposed  to  the  processes  which  ar**  modifying  the  .urnsol  population  ?rt.o  -i  truly 
marine  air  mass . 

Physics  c>  f  the  Aerosol. 

|1,i“  characteristic,  of  all  marine  originated  aerosol  as  well  as  seme  natural 
continental  aerosol  is  that  they  are  hygroscopic  in  nature.  That  is  t»<ey  t  enu  tn 
attract  */at  or  r  »o  1  ecu  1  '*s  and  to  grow  in  s  i  z  *■  in  a  moist  ..n  »  i  r<  »r  i**  n  t  .  H  p  a  r  t  i  f  *i  1  a  r 
interest  to  ruir  optical/P’  p  rnpagat  i  on  stuli'S  is  th*  ..erosol  si/»*  -list  ri^'d  i"ii  an'  ‘  < -w 
this  S  i  7  ‘  distribution  mill  be  changed  by  t.  h  i  *  grout h  nr  shrinkage  *ir  individual  aerosol 
d  ro  p  1  e  t  s  as  the  anb  1  i  n  t  relative  humility  rli.myS  ,  '  »  - ,  *  h  (  r  (  r  e  p  •  r  t  y  •  *  *  if  1  •  r1'  mips  in 


hygroscopic  aerosols  as  a  function  of  the  relative  humidity  is  the  index  of  refraction. 

A  dry  aerosol  will  have  the  index  of  refraction  of  the  dry  riaterial  where  as  in  high 
relative  humidity  environments  the  complex  index  of  refraction  will  he  close  to  that  of 
water.  The  process  of  growth  of  an  aerosol  droplet  with  respect  to  the  relative 
humidity  is  accomplished  hy  the  soluble  portion  of  the  solid  dry  aerosol  material  yoiny 
into  solution  with  the  water  that,  is  attracted  t. o  it.  Tim-  chemical  composition  of  the 
aerosol  droplet  at.  some  relative  humidity  other  than  fit  is  a  function  both  of  the 
material  of  the  dry  aerosol  nucleus  and  the  amount  of  water  in  solution  with  the  soluble 
parts  of  the  nucleus. 

Theories  have  been  developed  which  will  predict  the  relatiorship  between  the 
ambient  relative  humidity  and  the  ratio  of  the  volume  of  the  aerosol  droplet,  will  have 
at  tile  ambient  relative  humidity  with  respect  to  its  volume  in  a  perfectly  dry 
environment.  One  the  latest,  most  complete  theories  describes  this  behavior  by  a 
single  parameter,  R  ,  the  activation  parameter,  based  on  the  chemistry  nf  the  dry 
particle  (Fitzgerald  and  Hoppel  (1UH?)).  Figure-)  is  a  plot  of  the  particle  size  as  a 
function  of  relative  humidity  for  a  number  nf  representative  R°  values.  It  will  be 
noticed  that  there  is  only  a  slight  change  in  the  functional  form  for  different  sizes  of 
a  dry  aerosol  with  the  samp  R  . 

The  aerosol  found  over  the  ocean  is  obviously  not  perfectly  homogeneous  in  its 
chemical  makeup.  Those  produced  by  white  water  processes  reflect  however  the  universal 
chemical  composition  of  sea  water,  whereas  the  continental  population  will  have  a  more 
varied  composition.  tleve r- 1 he- 1  ess  the  concept  of  an  "average"  marine  aerosol  can  be 
uspF  to  describe  the  hygroscopic  behavior  of  these  aerosol  particles.  The  behavior. of 
such  an  "average"  aerosol  is  shown  in  the  figure  as  curve  "R°  *1.3".  Although  the 
continental  aerosol  in  an  air  mass  (as  it  leaves  the  shore  line)  is  of  heteryeneous 
origin  and  is  usually  well  mixed  throughout  the  boundary  layer,  it  decreases  in 
importance  with  respect  to  the  marine  originated  aerosol  with  the  passage  of  time.  The 
marine  aerosol  can  be  considered  to  he  mainly  produced  by  white  water  processes  at  the 
sea  surface. 

Aerosol  production  at  the  narine  surface  is  associated  with  nonzero  wind  speeds  in 
the  marine  boundary  layer.  Marine  aerosol  are  produced  both  by  the  direct  disruption  of 
wave  crests  and  indirectly  by  various  huhhle  bursting  mechanisms  at  the  surface. 

Monahan  et  a)  (1983)  has  distinguished  three  wave  mechanisms  which  produce  huhhles  in 
the  sea.  They  include  trough  bubbles,  and  bubbles  introduced  into  the  sea  water  hy  the 
spilling  wave  and  the  plunging  wave.  Fach  nf  these  processes  is  activated  at  different 
wind  speeds.  Rlanchard  (19R3)  ohserved  that  small  jet  drops  are  ejected  into  the 
atmosphere  after  the  bursting  of  buhhles  produced  in  the  sea  by  the  spilling  and 
plunging  of  waves.  The  airborne  jet  droplets  can  be  ejected  tens  of  centimeters  into 
the  marine  atmosphere  and  remain  airborne  for  extended  periods  of  tine.  Many  droplets 
of  even  smaller  size  are  also  produced  by  the  disintegration  of  flip  bubble  film.  Thesp 
film  droplets  are  not  mechanically  ejected  into  the  atmosphpre  hut  under  appropriate 
nixing  conditions,  they  too  can  he  a  source  of  the  marine  aerosol. 

Two  forms  of  sea  water  drops  are  put  directly  into  thp  atmosphere  by  wavp  action. 
The  chop-action  of  sea  waves  produce  some  large  droplets  ever  at  low  wind  speeds.  At 
high  wind  speeds,  however,  the  spume  drop  bpcones  the  dominant  source  nf  large  aerosol. 

Of  importance  tn  the  modelers,  is  t. he  flux  of  particles  leaving  the  sea  surface. 
Figure-?  shows  the  size  spectra  of  this  flux  for  various  wind  speeds  according  to  an 
early  sea  surface  aerosol  generation  model.  This  information  coupled  with  the  nixing 
qualities  of  the  marine  boundary  layer  allow  us  to  construct  a  time  dependent,  model 
which  we  can  use  to  predict  the  evolution  of  the  marine  aerosol  and  its  optical 
quantities.  The  relative  humidity  close  to  the  sea  water  surface  is  91'%  because  of  the 
suit.  The  droplets  leaving  the  surface  will  of  course  reduce  in  size  if  they  are  mixed 
with  drier  air  because  they  are  hygroscopic  and  sensitive  to  the  local  relative 
humi dl ty  . 

The  relative  humidity  of  the  marine  atmosphere  at  deck  level  is  not  usally  98%. 
Figure-3  shows  a  cumulative  probability  plot  of  relative  humidity  at  10  n  altitude  for 
tbp  North  Atlantic  for  both  the  summer  and  winter  season.  In  comparing  thp  data  shown 
in  this  figure  -with  the  growth  characteristics  of  marine  particles  Figure  1,  it  is  seen 
a  that  large  change  in  the  sizes  of  these  droplets  will  take  place  during  the  nixing 
process.  In  addition,  the  relative  humidity  changes  with  respect  to  altitude 
differently  for  different  net -oro 1 ogi c  conditions  therefore  the  relative  humidity 
profile  must  be  accounted  for. 

Relative  humidity  profile  information  can  he  either  obtained  hy  direct  measurement 
or  from  models.  Figure-A  shows  the  comparison  nf  relative  humidity  model  predictions 
obtained  with  an  empirical  model  (F.athman,  197Rh)  from  surface  meteorological 
measurements  with  those  obtained  by  direct  measurement,  with  a  tethered  balloon  nnunted 
instrument  (F.atbman,  197Ka). 

The  description  nf  the  history  of  the  concentration  of  any  particular  dry  size 
class,  N  in  a  volume  of  air  moving  over  the  ocean  at  a  constant  velocity  can  he 
described  hy  "K "  theory  using  the  partial  differential  equation: 
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r  i  ij  .  1.  Oe|H'Hrtpncp  of  particle  size  nn  r  »•  T  o  t  i  ve  <.i"ii  -<i  t  y  . 

Fiy.  ?.  The  aerosnl  flux  size  n  i  st  ri  hut  i  or  plotted  as  a  1  r.  J  normal  fur  various  win.1 
speeds  . 
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E  i  <j  •  3.  Tin-  cumulative  p  rot-a  I'  i  1  i  t  y  nt  relative  hunirtitp  over  the  ''  n  r  T  n  'tlantic  r'.cean 
on  a  climatic  scale  for  t.lr  summer  ana  winter  seasons. 

Fir,.  4.  Comparison  of  tire  node  I  estimates  »f  a  relative  huii-'ity  profile  ..l  ie1' 

j.re-Mrtc<'  a  r'ry  upper  air  1  nyr  from  surface  Measurements  no.'e  at  the  time  o' 
f  1  i  t  and  flie  ii  t  ■'»  he  1  1  onn  nr  iisuri  I'lmts  of  f  1  a  t  i  v  •*  'mm  ■  i  ■'  i  t  y  '■  a  s  ni  on  r^  -  '  •  1  * 
an-i  iret-l’ulh  t  enp.  rat  u  r»s  (,  mints)  ratinar>  f  1 7  ‘4  )  . 
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which  describes  the  effects  nn  tin-  concentration,  within  tin.  vnlu".  as  if  is  -tin! 

on  hy  ..(My  diffusion  and  gravitational  fell.  Tin-  generat  i  on  r^t.  it;  the  sen  i< 

i  n  t  rot4  u  c  o!1  into  the  problem  by  the  lower  boundary  condition  imposed  during  tin  se 1  n*  i  ■/.  ■ 
of  the  equation.  In  this  representation  the  mean  i li  c ronet enrol  oyi  ca  1  state  of  t  • 
itnosphere  is  described  hy  an  al  t  i  tudo-depeniient.  eddy  'tif'usio"  coefficient  r.-p  nn  "  t •  •  ’ 
hy  F(z).  The  fall  rate  of  the  particles  in  class  "1 "  is  represented  l*y  V.  am'  ill  1  •• 
a  function  of  the  anhient  relative  hurt  i »'  i  t  y  as  the  size  ant  weight  nf  t*i»  t*rn,,I"ts 
fnrneit  nn  the  dry  aerosol  class  i  is  a  function  of  the  relative  humidity  a4  whatever 
level  in  which  it  finds  itself. 

'lathnan  (lot'?)  has  constructed  a  tine  dependent  aerosol  profile  model  , . r.  Me 

nnnerical  solution  of  equation  (1).  An  example  of  the  operation  of  this  model  can  K> 
Seen  for  the  hypothetical  case  where  the  wind  speed,  represented  hy  a  box  car  function, 
is  suddenly  increased  for  an  hour  and  t*'eo  returned  to  its  initial  level.  The 
me  t  eo  ro  1  oy  i  c  a  1  parameters  for  this  case  were  set  to  he  thermally  stable  arm  the  relative 
humidity  to  he  hiyh  tbrouyhout  the  boundary  layer  so  as  to  simulate  an  encounter  in 
sliyhtly  su  hs  a  t.  u  ra  t  "d  condition.  The  wind  s.eed  input  was  set  to  zero  for  t.  he  first 
hour,  lb  n/s  riuriny  the  second  hour,  and  again  low  for  the  remainder  nf  the  calculation. 
In  this  case  of  course,  there  is  no  input  flux  unless  the  wind  speed  is  hiyh.  I.  i  •  is" 
the  eddy  diffusion  parameter  is  very  low  except  for  the  mechanical  mixiny  produced 
during  the  period  of  hiyh  wind  speed.  Four  runs  were  made  of  this  case  for  the  gizi s  of 
20,  10,  b,  and  2.S  microns  diameter  with  a  relative  humidity  of  l;i’f  . 

The  results  of  the  first  bOll  min  of  this  run  an  plotted  in  Fijore-b.  These  t.hr> 
rl  i  lien  s  i  o  n  a  1  plots  show  the  surface  defined  hy  the  altifude,  concentration,  and  time  n‘ 
certain  dry  sized  aerosol  computed  hy  these  runs.  The  vertical  axis  is  altitude 
plotted  linearly.  The  horizontal  axis  is  the  linear  measure  of  aerosol  concent  rat.  i  on , 
The  tine  axis  yoes  hack  into  the  paye  at  anomie.  The  altitude-time  plane  is  a 
background  concentration  profile  of  N .  =  10  per  cubic  meter  which  is  represented  hy 
the  vertical  lines  descrihiny  constant  N.  profiles  every  10  min  and  the  slant-"!  lines 
depicting  levels  Of  constant  altitude  winch  show  the  variable  gri  t  levels  used  in  in.- 
model.  For  comparison  purposes,  the  scale  of  the  concentration  is  not  constant  hut  is 
adjusted  so  that  the  maximum  concentration  distance  of  the  dhole  surface  is  the  sane  for 
each  of  the  aerosol  size  classes.  The  absolute  values  of  these  concentrations  vary  '-y 
considerable  amount. 

The  interestimj  feature  nf  these  surfaces  is  the  time  responses  of  the  atmosphere 
to  each  of  the  aerosol  sizes.  The  laryest.  aerosol  size  class  mirrors  the  wind  sj  end 
function  and  does  not  affect  the  atmosphere  above  blip  while  the  smallest  size  class 
appears  to  just  stay  in  the  atmosphere  once  introduced  into  it.  It  nf  course  eventually 
falls  out  hut  at  a  much  slower  rate  than  t.bo  laryest  aerosol.  This  will  he  exhibited  in 
a  chanyiny  size  distribution  which  will  narrow  and  shift  to  smaller  sizes  as  time  goes 
on  in  the  event  them  are  no  other  generation  processes. 

This  shifting  of  the  size  distribution  can  he  seen  in  Figure-*'  whore  the  atmosphere 
was  filled  initially  everywhere  with  the  sane  log-normal  distribution  of  aerosol  shown 
by  the  solid  line  in  the  figure.  The  model  was  allowed  to  operate  for  11  hours  of  model 
time  under  idealized  conditions.  These  conditions  included  a  constant  relative  humidity 
profile,  and  a  wind  Speed  such  that  no  flux  was  introduced  f rnn  the  surface  hut  yet 
there  was  enough  eddy  diffusion  to  keep  the  boundary  layer  stirred.  The  resulting  size 
distribution  is  shown  hy  the  crosses  in  the  figure.  This  calculation  shows  that  indeed 
thp  size  distribution  does  change  with  time  as  expected. 

Aerosol  size  distribution  measurements  can  he  made  with  snrte  difficulty  at  sea. 
Figure-7  illustrates  typical  size  distributions  in  the  coastal  marine  environment  from 
aboard  IlShS  HAYES  as  it  sailed  from  thp  Chesapeake  Hay  to  a  station  130  nautical  miles 
off  the  coast,  Hoppel  et .  al.  (1083).  The  data  is  presented  here  in  log-log  form 
because  of  the  large  differences  in  dN/dr  and  radius  values  encountered  in  the  natural 
aerosol.  At  both  the  extremely  large  and  small  radii,  the  measurements  show  the  aerosol 
concentration  decreases  while  the  function  reaches  maximum  values  at  intermediate  sizes. 
Such  behavior  can  be  represented  mathematically  by  a  set  nf  log-normal  functions. 

When  a  large  group  of  aerosol  size  distribution  measurements  are  superimposed  nne 
upon  another,  a  composite  results  such  as  is  shown  in  Figure-8.  The  marine  data  for 
this  plot  cane  from  many  sources  as  shown  in  Table  IV.  The  data  nn  this  plot  contains 
all  the  variations  in  the  size  distribution  from  known  cases  such  as  the  variation  in 
ambient  relative  humidity  and  wind-speed  measure.  It  is  the  objective  of  any  predictive 
optical/IR  model  to  account  for  the  variations  in  these  data  which  are  of  the  obvious 
meteorological  origin.  Of  particular  interest  is  the  amount  of  variation  shown  as  a 
function  of  droplet  radius.  The  variation  in  the  dH/dr  values  of  the  small  particles 
(r  <  .07  microns)  covers  about  four  orders  of  magnitude.  The  variability  in  the  larger 
sizes  expecially  in  the  range  of  droplets  with  r>  2  microns  also  shows  a  large  amount 
of  variation  while  the  size  rantjp  of  radii  between  n .  1)  7  microns  and  O.b  microns  is 
remark  ah ly  low.  These  variations  are  indicative  of  the  variation  in  the  production  anil 
dissipation  mechanisms  operating  on  the  different  size  ranges  of  the  aprosnl  population. 


LOG  Of  NUMBER  OF  DROPS  IN  DIAMETER  INTERVAL 
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F  i  ij  .  F  .  Tli  ree-H  i-iens  i  ona  1  surfaces  Oescri  Hi  ny  H'n  ti'ie  am'  space  evolution  n*  various 
size  M  rop  1  et. s  . 
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F  i  y  .  F.  The  noOi  f  i  cat  i  on  of  el  aerosol  i  i  />'  ej  s  f  r  i  hu  t  i  o  n  in  no  n ''iju  i  1  i  h  r  i -r  t  state.  Tl-i 
curve  is  the  initial  size  r!  i  st  r  i  hut  i  on  Mrouyhnut  an  atmospheric  c'llonn.  The 
crosses  are  the  moOe)  calculations  at  an  altifijOe  n e  n  o'  t‘>e  inajft...'  size 
(iistriluition  after  a  j.rrinO  nf  11  h  of  nlxiny  ,.rrehiceil  at  a  h  v>  1  just  'uTim 
the  white  cap  threshold. 

Fhanye  in  the  size  ami  area  <1  i  s  t  r  i  hu  t  i  ons  as  the  ship  left  rhi-se.-.-ni  .•  .me 

sailer'  into  tlm  Atlantic  Ocean,  hoppe!  et  a)  (1‘K'T). 
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The  v<iri  ahi  1  i  ty  in  flu*  size  distribution  caused  by  differences  in  the  ambient 
relative  tumidities  at  tbe  tine  nf  neasurenent  can  hp  theoretically  accounted  for  hy 
applying  the  functions  of  r/r  shown  in  Figure-1.  In  the  case  of  the  following  analysis 
all  data  was  transformed  to  a$  equivalent  standard  90%  relative  humidity  size 
distribution. 

The  individual  size  distributions  nf  this  field  data  were  first  smoothed  with  cubic 
Spline  smoothing  techniques.  The  maxima  of  the  individual  component  populations  of  the 
aerosols  are  manifested  in  the  total  size  distribution  as  inflections  in  the  curve. 

Thus,  hy  observing  the  behavior  of  the  derivative  of  the  cuhic  spline  approximation, 
these  inflection  points  are  easily  observed.  Approximate  locations  of  significant 
perturbations  in  the  aerosol  data  were  thus  detected  and  these  values  are  assumed  to  hp 
near  the  maxima  of  certain  subspecies  of  aerosol  within  the  total  aerosol  population. 

The  results  of  this  analysis  is  shown  io  Figure-0  where  the  frequency  of  occurrence  of 
the  peats  is  plotted  as  the  y-coordinate  and  the  approximate  size  classes  in  which  these 
peaks  occurred  is  plotted  along  the  x-axis.  It  is  of  interest  to  note  that  the  curves 
see"  to  hint  that  a  maximum  at.  a  very  small  radius  exists.  1'ea  su  rerient.  s  with  an 
electrostatic  aerosol  analyzer  at  sea  hy  Hoppe!  et .  al.  ( 1 9 « 3 )  confirms  the  idea  that  a 
component,  of  aerosol  peaking  at  mode  radii  hplow  (1.1  microns  exist  very  prominately  at 
sea.  Fvidence  of  the  component  is  also  shown  in  Figure-9  where  the  envelope  of  the  data 
points  rolls  off  at  thp  very  small  size  range.  All  the  curves  indicate  a  himodal 
distribution  in  the  area  between  0.7  microns  and  f>  microns.  The  plots  of  the  data  on 
this  curve  provide  a  strong  reason  which  to  base  a  three  component  aerosol  model. 

Tims  the  aerosol  size  distribution  can  be  represented  hy  a  linear  combination  of 
three  log-nornal  distributions;  each  nf  the  functions  are  individually  characterized  hy 
three  independent  parameters  to  give  a  total  of  9  parameters  describing  thp  individual 
size  distribution.  This  condition  is  illustrated  in  Figure-Id  which  shows  in  an 
idealized  fashinn  this  three-component  model.  One  can  obtain  t.hesp  parameters  hy  using 
dat a- f i t t i ny  techniques  nn  a  single  size  distribution  measurement  and  assuming  that  the 
measurement  contains  at  least  nine  different  sizes.  The  various  parameters  describing 
these  functions  must  then  be  rel ated  to  the  meteorological  parameters. 

In  a  log-norrial  function  t.hp  parameters  have  visible  and  physical  significance 
observable  from  plotted  size  distributions.  The  amplitude  parameter,  A  is  precisely  the 
maximum  value  the  function  obtains.  The  node  radius,  ro  describes  where  this  maximum 
value  occurs.  Finally  the  sharpness  parameter  C  describes  the  narrowness  or  broadness 
of  the  distribution.  If  C  is  large  then  the  distribution  is  narrow  and  if  C  is  a 
smaller  number,  then  the  distribution  appears  to  he  very  broad. 

After  looking  at  hundreds  of  aerosol  spectra,  it  was  discovered  that  the  width 
parameter  of  the  log-normal  distribution,  C  was  not  a  noticeable  function  nf  wind  speed. 
In  fact,  the  widths  of  nil  three  log-nnrnal  components  could  pasily  he  kept  at  a  value 
of  C  a  -1  with  nn  loss  in  information.  Hence  3  of  9  functional  parameters  have  hppn 
specified.  Of  the  remaining  parameters,  the  values  of  ro  appears  to  he  independent  nf 
the  wind  speed.  Indeed,  it  was  found  that  the  ro  parameters  of  the  log-nornal  functions 
could  also  he  represented  to  the  best  of  our  present  knowledge  by  three  wind  independent 
constants.  Tims,  the  three  amplitude  parameters  remain  which  seem  tn  describe  the  size 
distribution  through  correlation  with  some  torn  of  wind  representation, 

Regression  techniques  can  he  employed  to  determine  from  thp  field  data  sets  what 
the  relationship  between  the  A7  and  A3  amplitude  parameters  and  the  74-hour  average  wind 
and  the  instantaneous  wind  measurements.  A  model  can  now  he  made  of  the  aerosol  size 
distributions  and  is  described  completely  as: 


-i -  +  k 
il  r 

Al 

exp  ( 

-1 (Ln(r/.03f )  )?)/f 

a  k 

A  7 

exp  ( 

-1 (ln(r/.?4f  ))?)/f 

+  k 

A3 

exp  ( 

-1  (1  n(r/7f  ))?)/f 

(?) 

’•'here  (  -  1  if 

measured  v  i  s  i  It  i 
is  defined  as: 

rtn  v  i 

i  1  i  t  .y 

sihilify  measurement  is  available  hut  can 
an-'  “f"  is  the  hygroscopic  growth  factor. 

hn  a  d  j  1 1  s  t.  p  H  tn  fit  t  h  p 

HfTP  thp  first  anpliturt*' 

Al 

= 

7000 

7 

(Air  mass  (.a  ramet er )  ' 

(3) 

where  the  air  mass  parameter  is  a  number  between  1  and  in  which  is  related  tn  the  length 
nf  time  the  air  mass  has  been  tn  sea.  The  second  and  tMrd  amplitudes  are  expressed  as 


A 7  =  C.F  PAX  h.i’hA  („  .  7.7) 

A3  =  .IIOOMI  PAX  .0 1  h?7  (w,  -  7.7) 


(M 

CO 


where  w  is  the  71-hour  average  wind  and  w ^  is  the  current  wind  speed,  all  expressed  in 
meters  per  second.  The  PAX  function  expresses  the  fact  that  the  parameter  is  the 
largest  of  either  of  the  two  components.  The  units  of  Al,  A?,  and  A3  are  the  number  nf 
particles  per  cuhic  centimeter  per  micron. 
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Figuru-ll  illustrates  thw  aerosol  size  Hi  st  ri  hut  i  on  |;rp<licied  hy  the  mur'd  tor  two 
widely  differing  sets  of  input  conditions  and  shows  that  these  plots  roughly  descrih,- 
the  envelope  of  the  data  shown  in  Figure-H.  The  lower  curve  is  for  an  open  ncean,  very 
low  wind  speed  case  with  a  lower  than  normal  relative  humidity  fnr  an  airnass  which  has 
experienced  a  low  wind  speed  over  the  previous  24  hours.  The  upper  curve  is  for  a 
coastal  region  with  a  high  current  wind  speed  which  has  been  high  fnr  the  previous  7,1 
hours. 

Determination  of  the  <Tptical/IR  Properties 

The  second  part  of  the  problem  is  to  express  the  atmospheric  optical /IK  properties 
in  terms  of  the  functional  form  of  the  aerosol  number  size  a i s t r i hu t i on .  This  is 
accomplished  by  the  application  of  Mie  theory  to  a  known  size  distribution  of  assumed 
Spherical  droplets  suspended  in  the  atmosphere.  In  order  to  proceed  ..long  this  route, 
it  is  necessary  to  know  the  complex  index  of  refraction  of  the  droplets.  It  is  known 
that  the  chemical  composition  of  the  droplets  changes  as  a  function  of  relative 
humidity.  If  a  perfectly  dry  aerosol  nucleus  were  studied,  the  complex  index  of 
refraction  of  the  nucleus  is  necessary  to  describe  the  optical  cha rac t er i s t i c s  of  the 
material.  On  the  other  hand,  in  a  very  high  relative  humidity  environment,  a 
hygroscopic  aerosol  will  have  changed  size  and  taken  on  a  considerable  amount  nf  water, 
the  salt  dissolving  into  the  water.  Hanel  (1°71)  solves  the  prohlen  hy  making  a 
straight  volume  dependence  between  the  complex  index  of  refraction  for  t i  >  nucleus 
material  and  the  complex  index  of  refaction  of  water.  This  method  is  followed  in  our 
calculations.  The  wavelength  dependence  of  the  complex  index  nf  refraction  fnr  water 
used  here  are  published  in  Paltridge  and  Platt  (197b)  and  that  fnr  the  nucleus  which  is 
assumed  to  he  water  soluble  are  those  used  hy  Vnltz  (1972). 

The  Tie  efficiency  coefficients,  0  and  (’^  ,  are  calculated  hy  the  method  nf 
Have  (1968).  !’.y  using  these  co»f  f  i  c  i  enfs  and  the  functional  form  of  the  aerosel  size 

d  i  s  t  ri  hut  i  on  ,  the  volume  extinction  coefficient.,^?  and  the  volume  absorption 
coefficient,^  .  can  he  calculated  for  each  wavelength  of  interest  and  for  each 
relative  ItunfdTty . 


....  ** 

I  □ 

9*  r>  (  r  ) 

*  r*  *■  dr 

(■>) 

.....  «  J 

r  □ _ 

*  rt  (  -  > 

*  r*  *•  dr 

(7  ) 

For  this  specific  case  the  integration  can  he  indicated  as 

f  “  j»f  /  0  *  *  \*  •'  ‘dr 

where  the  units  of  are  km  \  and  the  units  of  a’s  and  ro’s  are  defined  in  equations  2, 
3,  4  and  b  above.  (lne  feature  of  this  formulation  is  that  now  the  time-consuming 
integration  can  he  precalculated  for  various  relative  humidities  as: 

f  =  US  1  \*  / 0  * e"  f^,)  * dr 

The  final  forri  nf  the  i  in  del  now  utilizes  these  p  me  a  1  cu  1  at  mH  intern  Is  and  stores  a  set. 
nf  those  values  for  various  sots  of  relative  tumidities  and  wavelengths,  In  th*3 
practical  application  nf  this  nodel ,  the  solution  is  reduced  to  f inline,  the  value  ‘nr  a 
Specific  relative  himidity  and  wavelength  hy  interpolation  between  the  stored  valms  in 
a  table, 

Figure-12  is  an  illustration  of  the  current  wind-speed  sensitivity  of  the  imdel's 
predictions  of  aerosol  extinction  for  a  band  of  wavelengths  frot;  b .?  microns  to  **i: 
nicrons.  Th*»  Meteorological  conditions  at.  this  tirn  are  an  airnass  parameter  of  1, 
indicating  an  oceanic  airnass,  an  average  i  n  ri  speed  over  the  previous  24  hours  of  4.1 
Meters  per  second,  and  a  relative  hunidit.y  o*  PH?  ,  This  family  of  curves  s^o-.-s  that 
under  these  conditions  if  the  current,  wind  speed  su  Verily  increases  from  the  v a  1  u .  of 
4.1  riet.ers  per  second,  the  aerosol  extinction  at  all  wa  ve  1  eptjt  h  s  is  roughly  increased  by 
the  sane  amount.  Or  the  other  hand,  if  the  current  wire-*  speed  should  suddenly  dm  •,  th.* 
aerosol  extinction  in  thp  far  infrared  bands  •••ill  drop  significantly  none  than  do,*s  t *■  i ? 
of  the  visible  and  near  visible  hands.  In  contrast  to  tMs  behavior,  the  conditions 
used  to  obtain  Figure-13  shows  a  nuch  different,  situation.  Tie  Meteorological  Hat-i  ‘or 
this  plot  is  a  very  polluted  coastal  zone  with  a  high  relative  humidity  of  °F  .  Tl-,» 

24-huu r  average  wind  speed  is  in  this  case  the  sane  ds  that  for  the  previous  Hour#; 
however,  in  this  case,  the  infrared  hands  exhihi*  a  considerably  lover  extinction  ?» 
mspect  to  the  visible  wavelengths.  If  the  current,  wind  spec**  increases,  **’#••  lon,*r 
wave  lengths  increase  their  extinction  due  to  aerosols  whereas  the  visibility  decreases 
by  only  a  snail  amount.  Likewise,  if  the  current  wind  sj  **ed  drops  off,  the  infrnmd 
aerosol  extinction  drops  even  further  whereas  tin*  extinction  at  t'»c  visible  ewi  lengths 
does  not  vary  nuch. 

The  sensitivity  of  the  Model's  prediction  of  aerosol  extinction  t  •»  th,*  relative 
tumidity  is  shown  in  Figures-1^  and  IS,  figure-14  shows  th*»  rase  o*  «n»  onenir  airnass 
where  for  th#*  previous  24  hours,  the  wind  speed  was  4,1  Meters  ;  ••  r  seco-V  and  t*' 


EXTINCTION  C  km  ~-\2 
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f  i  i_  .  Id.  h  ri  idealized  t  •>  r  *-  loynormal  marine  aerosol  nil'll  1  . 

Fi.j.  11.  A  jilot  of  <il. /dr,  expressed  in  no  iher/cc/nicrons  ,  , -lotted  as  a  riii-rfinn  o' 

radius  for  a  ranyp  of  aerosol  sizes  commonly  'ieasur<"i  in  the  fid-  .  To.,  ten 
lines  represent  extremes  in  input  conditions  in  the  model  and  illustrate  th- 
latitude  of  toe  dfi/dr  values  that  the  nodel  predicts. 


WAVELENGTH  C micron.)  WAVELENGTH  Cmlcrons) 

F  i  ij  .  1?.  A  ,j  1  o  t  of  extinction  ayainst  wavelengths  showiny  the  model's  sensitivity  to 
chany <s  in  current  wind  speed  in  an  open  ocean  environment. 

F  i  y .  13.  A  plot  of  extinction  ayainst  wavelenyth  showiny  the  models  sensitivity  to 

chanyes  in  current  wind  speed  in  a  hiyh  relative  humidity,  coastal  environment. 


EXTINCTION  C  km  IT 


current  win-i  S|  e.*d  *./ a  s  the  som*.  In  this  case  the  changes  in  tin*  relative  humility 
os  s  <‘n  t  i  a  1 1  y  shifts  the  curve  up  nr  flown  i  nt- i-j.i'niicnt  of  wa  v**l  h  throughout  the  range 
of  relative  humidities  f>f  5Mt  to  <i:<7  .  Figure-15  shot's  the  results  from  t  h  e  san*-  set  of 

:w*tr  f»rol  otji  cal  conditions  except  that  in  this  case  the  current  wind  sj"*ed  has  dropped. 

In  this  case,  the  range  of  relative  h  u  n  i  cl  i  t  i  e  s  produce  a  1  a  r  y  e  r  r  a  n  y  e  of  aerosol 

extinction  at  the  IR  wavelengths  than  it  dm-s  in  the  v  i  s  i  h  1  e  region. 

The  reliability  of  the  predictions  of  this  mode]  c.m  be  nhtained  by  the  comparison 
of  the  nodel  predictions  with  active  lh  t ra nsmi ssomot urs  nea  s  u  renent  s  •  This  is 
acconpl  i  shed  by  comparing  the  c  a  1  cu  1  a  t  i  ons  f  ron  the  node)  usin.j  available  net  enrol  ogi  c  a  1 
Measurements  to  the  extinction  Measured  in  fotir  ^aods  of  radiation  made  by  visible  an-1 
IR  t  ransmi  ssoneters  at  a  test  site  in  the  Marine  environment.  This  comparison  will  giv* 
an  outside  linit  on  the  accuracy  of  the  iimlf 1  and  provide  a  verification  nf  the  ability 
of  this  nod»»l  to  predict  tbp  optical  parameters  directly  frnn  the  marine  Meteorological 
inputs. 

The  iiata  for  this  comparison  came  from  experiments  which  took  place  on  San  Ilicolas 
Island,  California  during  several  extensive  data  ta  ny  periods  in  ld7‘)  and  1  h  R  0  . 

Figure  If)  illustrates  the  island  and  the  location  of  the  me  t  en  r  o  1  o  y  i  c  a  1  sites  with 
respect  to  the  t  r  a  nsn  i  S  some  t  er  path.  I  ns f rument at i on  located  at  points  A  and  C  stand  at 
t  he  ends  of  two  island  projections  located  4.07  km  npart.  Hi  recti y  unfh>r  this  path  is 
sea  water  which  closely  simulates  the  open  ocean  environment..  It  has  been  shown  that 
the  prevail  iny  winds  usually  briny  the  sampled  air  from  a  ;  j  1 1  r  »arin**  origin  arm1  this 

condition  can  be  ascertained  by  in-situ  atmospheric  radon  measurements  (l.  arson  ard 
Press  an,  lh'tn). 

The  model  calculates  the  extinction  for  a  single  wavelength  -iivi  thus  in  order  to 
natch  the  calculations  to  Measurements  with  these  relatively  broad  hand 
t.  ransmi  ssoneters ,  it  is  necessary  to  integrate  the  coni  liter  effects  over  all  suitaKle 
wavelengths  and  to  include  the  source,  detector  and  any  r?lter  charac t er i s t  i  cs  of  the 
instruments  used.  This  is  accomplished  by  first  finding  the  total  atmospheric 
extinction  for  each  wavelength  nsihy  both  the  coefficient  of  extinction  due  to  molecular 
influence  and  the  coefficient  of  extinction  due  to  aerosol  influence.  The  LOW TP  At: -4 
Atmospheric#*  Transni  t  tance/dad  i  ance  computer  proyran  (Selby,  *>t  .  al.,  11?^)  was  used  to 
calculate  the  molecular  coefficient  of  extinction  at.  given  wavelengths  and  the  havy 
Aerosol  Model  was  used  to  calculate  the  coefficient  o f  extinction  due  to  aerosol 
influence  at  a  yiven  wavelength  from  the  nt*  t  eo  ro  1  oy  i  c  a  1  data.  After  net 

transmittance  is  calculated  the  numerical  integration  is  performed  over  the  appropriate 
ra nye  of  the  wavelengths  to  simulate  the  total  effective  transmittance  tor  the  various 
instrumental  a r ranyenent s .  These  values  can  then  be  compared  with  the  measured  value 
from  the  particular  t ran si i $ sonet er. 

All  the  t ransmi ssoneter  data  selected  cane  from  the  preliminary  data  reports. 

These  reports  were  used  to  select  the  coefficients  of  extinction  u  four  different 
wavelength  bands  centered  around  the  wavelengths  of  u,!>5,  1.0f»,  3. A,  and  10.5 
Micrometers .  As  mentioned  above  the  visibility  data  needed  for  the  models  were 
calculated  directly  from  the  0,55  Micrometer  measured  extinction. 

For  each  sample  for  which  both  t  ransni  ssometer  and  me  r.  «*n  ro  1  oy  i  c  a  1  data  were 
available,  two  determinations  of  the  extinction  coefficient  were  made  and  t>>e  difference 
between  them  calculated.  Unfortunately  this  is  not  a  question  of  making  an  absolute 
comparison  between  a  precise  standard  and  a  sample  value  wher*  the  notion  n*  -rror  in 
the  sample  value  is  easily  determined. 

In  tills  case,  however,  we  have  all  sampled  quantities  which  night  contain  error  and 
night  combine  to  cause  a  considerable  difference  between  the  two  techniques  we  are 
trying  to  comparp.  At  best  we  nre  determining  an  outside  limit  on  th  predictive  ability 
of  the  model.  Recause  of  a  host  of  possible  instrumentation  and  sampling  errors  the 
actual  quality  of  the  model  night  be  better  than  the  results  of  any  analysis  would 
indicate.  There  is  also  the  problem  that  the  t ransmi ssonet er  data  under  question  is  of 
a  preliminary  nature  and  the  relative  error  of  these  •  ••  a  s  u  r  e« »»mi  t  s  is  -»sti  mated  to  1  ■  •  a 
minimum  of  +_  6%  in  transmission.  Thus  for  each  time  point  we  only  have  two 
determinations  of  extinction  at  any  wavelength  arm'  ran  say  nothing  about  the  most 
proj.dh!e  extinction  that  exists  at  that  time.  because  of  th*-*  nature  nr  -• !.  ru»s*)!'er  i  c 

measurements  these  experiments  can  never  again  be  exactly  repeated.  It  i  s  therefore 

gratifying  to  see  in  Figures-17,  II’  and  iu  a  scatter  plot,  pattern  whirl)  indicates  a 
strong  correlation  between  the  extinction  determinations  by  the  two  net  bods. 

In  Figure-17  is  a  scatter  pint  between  the  t. wo  extinction  coefficients  at  a 
•wavelength  center  of  l.flfi  micrometers  with  a  1’  transmission  tandwidt^  of  ,<M 
micrometers.  This  data  at  a  wavelength  relatively  close  to  the  visible  shm  s  a  strong 
correlation  between  the  model  calculations  and  the  t.  r  a  n  sm  i  s  s  one  t  r  ""asu  r»  • ’«■»)  t  ^  .  Thi*r«* 
is  scatter  in  the  points  hut  they  seen  to  be  evenly  distributed  a*  nut  tb*-  soli'1  1  i  r»  •  > 
which  represents  the  jierfpct  correlation  between  ft*,.  two  types  nr  i  u  a  s  u  r  e  *  i*  r>  t  s  . 

Pea  sored  visibility  for  the  aerosol  model  was  used  *s  an  injut  for  tMs  p  I  r  t  a^d  *  ‘ 
a i  mass  parameter  was  set  to  V . 

F  i  g  u  r  e  $  -  1 R  and  1  y  show  similar  plots  wi  f  >■  f  u*  sai"-  input.  ;  ^mel  i-rs  ’  ■  u  f  ter  tb*- 

wavelengths  of  3. A  and  in. 5  nirroneters.  Thp  p  t  r  a  n$n  i  s  s  i  on  *  a  n**-.i  i  d  t  b  nf  these 

measurements  are  0.37  5  and  0.7/’ 4  n  i  c  rnn»*t.  o  r  s  respectively.  Roth  show  a  strong 
correlation  between  two  types  of  extinction  cue  f  f  j  t  j  enf  s  i  »>d  i  <■ ,* t  i  m, ,  on  th..  average,  .) 
good  p  red  i  (  t  i  ve  ability  in  t  h  e  models  to  give  reasonable  extinction  v  a  1  u  .  s  t  r  eu  1  *  -*  1 
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S.N.I.  BARNES  TRANSMISSOMETER  VS.  NAVY  MODEL  S.N.l.  BARNES  TRANSMISSOMETER  VS.  NAVY  MODEL 

SCATTER  PLOT  SCATTER  PLOT 


Fig.  17.  Scattnr  plot  of  Parn»s  t  rans"ti  ssnn»tpr  data  vs.  Navy  '>odni  prodictions  at  1.06 
ri i  c  rons  . 

F  i  tj .  Scattor  plot  of  Karoos  t  ransni  ssoneter  data  vs.  Navy  Nodel  prodictions  at  3.6 
nl crons  . 


S.N.I.  BARNES  TRANSMISSOMETER  VS.  NAVY  MODEL 
SCATTER  PLOT 


Fig.  lu.  Scatter  plot  of  damns  t  r  ansri  i  s  sonot  or  data  vs.  Navy  Mortpl  prodictions  at  10.6 
nicrons. 


7-14 


net  Poro  1  ogi  ca  1  data.  The  data  in  Figure-19  however,  for  the  1 1) .  S  nicron  data  shows  a 
slight  deviation  in  the  slope  of  the  least  squares  line  compared  with  that  of  the 
perfect  fit  line  represented  hy  the  solid  line  in  the  graph. 

CONCLUSIONS 

VMth  modeling  tools  described  above,  the  extinction  and  absorption  of  optical  ana 
IR  energy  naite  by  aerosols  in  the  nari  n»  houndary  layer  can  be  predicted  f  ron  a 
knowledge  of  the  sea  surface  meteorology.  These  models  can  be  used  with  the  archived 
marine  meteorological  data  base  to  obtain  c  1  i  mat  o.l  oy  i  c  a  I  characteristics  of  regions  for 
optical/IR  parameters.  Meteorological  forecasting  techniques  can  be  uspd  as  the  basis 
for  forecasting  the  optical/IR  parameters. 

Uhile  these  models  are  not  a  substitute  for  actual  optical/IR  measurements  they  can 
provide  a  quick  inexpensive  estimate  of  their  value  from  a  knowledge  of  the 
meteorological  situation. 


Table  I 


Process 


Aerosol  Sources 


Compos i t i on 


1 .  Combust i on 


Natural  and  Industrial 


Salts  '•  Carbon 


? .  Gas  to  Particle 
Conversion 


Gas  Phase  A  Pitot o  Chemical 
Reactions 


Sulfates  A  Nitrates 


3.  Uisp.  of  Solids 


Chemical  Reactions  at  Ground,  Silicates,  Sodium 
Mater  Erosion,  Wind  Erosion  Potasium  A  Calcium 

Salts 


4.  Uisp.  of  Liquids  Spa  Surface,  White  Mater 
Processes 


Sea  Salt  Mater 


S.  Volcanoes 


Table  II 


Largest  Aerosol . 

Sedimentation 

Impaction 

Large  Aerosol. 

Cloud  f ormat i on/prec i p i t at i on 
Scavenging  by  raindrops 

Small  Particles. 

Attached  to  drops  eliminated  by  rainout. 
brownian  motion 

Diffusion phoresis 
Thermophores i s 

Coagulation  -  to  produce  larger  particles 
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Tahli 

*  III.  s!7r  ru ■  - suwpT'.'T  r : •  r !* r 

H i  an*- 1 »  r  of 

Aj.pl  i  c  a  !>  i  1  i  ty  , 

fi»»t  ho'l 

iii  c rons 

(’(it  ical 

Light  I n  a  g i n y 

0.9  + 

Electron  Imaging 

n.U'M-lf. 

Light  Scanning 

1  + 

Electron  Scanning 

D.1  + 

Oirect  Photograyhy 

B  + 

Laser  Holography 

3  + 

Sieving 

?  + 

Light  Scatti-rino 

Hi  glit  Angle 

0.S  + 

F  o  rwa  rd 

n  ,3-]D 

Polarization 

n.3-3 

"ith  Condensation 

d.oi-c  . ) 

Laser  Scan 

E.+ 

Electric 

Current  Alteration 

0.9  + 

Ion  Counting,  Unit  Charge 

g.Dl-n.i 

Ion  Counting,  Corona  Charging 

'!.ni-l .? 

Mohi 1 i ty  Analyzer 

,n 

I  ripa c t  i  on 

n.h  + 

Centrifugation 

n.l  + 

Diffusion  il  a  1 1  e  r  v 

o.om-p.s 

Acoustical 

Orifice  Passage 

1B+ 

Sinusoidal  Vibration 

u 

T  h  e  rna  1 

U.  1-1 

Spec t rot h e rna 1  Emission 

0.1  + 

TABLE 

IV.  MATA  SOURCES 

Description 

Ceng  rap h  i  c 
Location 

I nvest i gator 

Instrument 

Reference 

USDS  MAYES 
(1977) 

N .  Atlantic 
Mediterranean 

m.  Katz 

E  .  Mack 

R.  Jeck 

T.  Cosden 

11.  Hoppel 

~TXa 

ROYCO 

PMS-ASSP 

PMS-CSASP 

NRL-MSS 

Gathnan  A  Julian 
(1979) 

US NS  MAYES 
(19H0) 

N .  Atlantic 

'■I.  Hoppel 

HRL-MSS 

ROYCO 

u  n  p  u  h  1  i  s  h  e  a 

Atin  i  ra  1 

F i t  z  roy 
( 1 97H  ) 

N .  Atlantic 

Ci.  Trusty 

T.  Cosden 

PMS-ASASP 

PMS-CSASP 

Trusty  A  Cosden 
( 1  RBI  ) 

San  Nicolas 

I  si  and  ,  CA 
(1979 

Paci fic 

0 .  Jensen 

R  .  Jeck 

C .  Trusty 

G.  Schacher 

11  PMS 

Spect  r0- 
neters 

Jensen  et  al  . 
(1980) 

San  Nicolas 
Island,  CA 
(May  1979) 

Pacific 

R  .  Jeck 

PMS-ASSP 

Rlanc  (198?) 

FPN  (1979) 

North  Sea 

S.  Gathnan 

11 .  Julian 

ROYCO 

Gathnan  A  Julian 
(1980) 

R/V  ACANIA 
(CFWC0M-7R ) 

Paci fic 

F.  Mack 

T  .  N  i  z  i  o  1 

C.  Rogers 

C  .  Akers 

FAA 

ROYCO 

Mack  et  al . 

(1979) 

Ai rcraf t 
(1976  ) 

B  a  1 1  i  c 

H  .  Fitch 

T.  Cress 

ROYCO 

Fitch  A  Cress 

(1981  ) 

H .  NL.  MS. 
Tydeman 
(19H0) 

North  Sea 

J .  Oi el i s 

?  PMS  sys 
w/S  prohes 

Dielis  (1981) 
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DISCUSSION 


F.  Kassner  (Germany):  Did  you  take  water  vapor  absorption  into  account  in  your  calculation? 

S.G.  Gathman  (U.S).:  Ves,  the  water  vapor  absorption  was  included  in  the  L0WTRAN-4  (Atmospheric 
Transmission/Radiance)  computer  program  used  in  my  calculations. 


AD-P003 


A  SYSTEM  TO  MEASURE  LOS  ATMOSPHERIC  TRANSMITTANCE  AT  19  GHz 


E.  Vilar,  T.J.  Moulsley,  J.  Austin,  A.  Hewitt 
Department  of  Electrical  and  Electronic  Engineering 
Portsmouth  Polytechnic 
Anglesea  Road,  Portsmouth,  Hampshire,  U.K. 

J.R.  Norbury,  S.K.  Barton 
Tropospheric  Propagation  Group 
Rutherford  Appleton  Laboratory 
Chilton,  Didcot,  Oxfordshire,  U.K. 


SUMMARY 


The  paper  is  concerned  with  the  principles  and  description  of  a  wideband  test  system  with  the 
objective  of  measuring  the  complex  transmittance  of  a  line-of-sight  (LOS)  microwave  radio  link  subject  to 
fading  and  multipath.  The  technique  which  uses  cross-correlation  between  pseudo-binary  random  sequences 
falls  into  the  realm  of  spread  spectrum  techniquer.  The  system  described  is  designed  to  cover  1  GHz 
bandwidth  at  19  GHz  and  has  the  objective  of  measuring  both  co-polar  and  cross-polar  transmittance  thus 
generating  the  complex  transmittance  matrix.  Computer  simulations  and  preliminary  experimental  results 
are  presented  together  with  a  brief  initial  comparison  with  other  systems. 


Key  words:  multipath,  wideband,  transmittance,  cross-polar,  cross-correlation,  impulse  response, 
network  analysis,  spread  spectrum,  microwave. 


1 .  BACKGROUND 


Multipath  propagation  has  been  of  interest  to  communications  engineers  for  a  very  long  time  and  this 
interest  has  increased  in  recent  years  with  the  growth  of  digital  modulation  methods.  It  is  of  significance 
in  a  variety  of  fields  including  mobile  radio,  troposcatter  and  microwave  line-of-sight  links,  the  last  of 
which  is  the  specific  object  of  our  attention.  The  time-variant  f requency-select ive  fading  which  results 
from  multipath,  whether  reflective  or  refractive,  can  cause  significant  performance  degradation  on  digital 
links  due  to  intersyrabol  interference  and  it  is  necessary  to  be  able  to  characterise  and  predict  these 
effects  when  designing  a  system.  To  this  end,  much  work  has  been  carried  out  on  the  measurement  and 
modelling  of  multipath  effects  and  also  on  means  of  reducing  its  impact  to  a  tolerable  level.  A 
bibliographical  survey  is  beyond  the  scope  of  this  section,  but  journals  of  most  relevance  would  include 
IEEE  TRANS-AP,  IEEE  TRANS-COM,  Bell  Syst.  Tech.  Journal,  Electronics  Letters  etc. 

Over  the  years,  a  variety  of  techniques  for  measuring  multipath  channels  have  been  used.  Some  involve 
measuring  the  channel  transfer  function,  either  coherently  or  non-coherently ,  others  seek  to  evaluate  the 
impulse  response.  Examples  of  the  former  are  the  frequency- comb  technique  [l]  and  the  frequency  sweep 
technique  [e.g.  2,3].  Both  of  these  may  suffer  from  problems  if  wideband  results  are  required:  the  comb 
method  has  conflicts  of  frequency  resolution  against  equipment  complexity  and  cost;  the  sweep  method  has 
problems  of  speed  of  measurement.  Methods  of  compensating  for  this  have  been  developed  [3]  but  these 
involve  significant  computational  effort. 

In  principle  the  simplest  method  of  measuring  the  channel  impulse  response  is  to  transmit  RF  pulses. 
However,  for  unambiguous  wideband  (high-resolution)  results  a  large  space /mark  ratio  is  required  which 
means  that  a  conflict  exists  between  peak  power  limitations  and  the  need  for  adequate  signal/noise  ratios. 
The  pseudo-random  binary  sequence  (PRBS)  method  does  not  suffer  this  disadvantage  because  of  its  effective 
processing  gain,  but  it  does  need  more  complex  receiver  techniques  to  extract  the  impulse  response  by 
correlation  against  a  regenerated  PRBS.  This  disadvantage  is  less  serious  than  in  times  past  since  the 
PRBS  method  is  equivalent  to  direct-sequence  spread-spectrum  modulation,  in  which  extensive  expertise  is 
now  available  [4J.  A  PRBS  approach  is  the  one  described  in  this  paper  and  it  offers  in  addition  the 
possibility  of  simultaneous  bit-error-rate  (BER)  measurements  by  treating  the  transmitted  PRBS  as  a  PSK 
signal . 

As  well  as  obtaining  the  irapulse-response/transfer-function  of  a  channel,  it  is  of  interest  to  gain 
data  on  its  cross-polar  behaviour  during  multipath.  If  a  microwave  link  uses  two  orthogonal  polarisations 
for  distinct  channels,  then  any  effect  which  reduces  cross-polar-discrimination  (XPD)  is  of  serious  concern. 
Results  on  the  probability  of  XPD-reduction  are  necessary  for  the  system  designer  who  needs  to  know  if 
cross-polar  cancellation  is  required  to  maintain  a  link  at  full  capacity  [e.g.  5].  The  equipment  under 
discussion  is  designed  to  provide  cross-polar  measurements  over  a  wide  band. 

Modelling  of  a  multipath  channel  is  fundamental  if  one  is  interested  in  prediction  and  combating 
multipath  effects  rather  than  simply  in  description.  The  types  of  models  used  depend  on  the  types  of 
results  obtained  and  the  predictions  required.  Measurements  over  a  narrow  band  tend  to  be  unable  to 
provide  unambiguous  data  on  ray  delays /magnitudes  [6]  and  thus  non-physical  models  [l]  or  simplified 
models  such  as  fixed-delay  [7]  are  adopted.  Wideband  measurements  enable  the  use  of  physically  realistic 
models  based  on  ray-optics  providing  data  on  the  magnitudes  and  delays  of  the  rays  even  when  they  vary 
during  the  period  of  measurement  [3J.  Also  data  on  rates-of-change  of  the  channel  are  very  useful  for 
prediction  [8]  . 

Having  fitted  a  channel  model  to  the  data,  one  of  the  most  important  uses  is  to  predict  digital  radio 
outages.  One  very  useful  technique  is  the  ’signature’  technique  [9]  which  evaluates  the  effect  a  given 
channel  model  has  on  various  digital  modulation  techniques,  thus  enabling  a  choice  to  be  made  on  modulation 
methods,  though  there  are  always  pros  and  cons.  Another  use  of  multipath  models  is  the  evaluation  of 
various  methods  of  combating  multipath  fading  such  as  adaptive  equalisation  ([lo]  and  various  forms  of 
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diversity  Qll] .  One  special  form  of  frequency  diversity  that  is  closely  related  to  this  project  is  the  use 
of  spread-spectrum  modulation  (e.g.  £l2j). 

This  paper  is  concerned  with  the  description  and  preliminary  results  of  a  system  which  uses  the  PRBS 
technique.  After  introducing  the  basic  concepts,  the  method  used  to  cover  a  wide  band  (1  GHz  as  objective) 
by  overlapping  elementary  transfer  functions  is  outlined.  A  detailed  description  of  the  experimental 
system  then  follows  (Sections  3  and  4)  and  computer  simulations  together  with  preliminary  experimental 
results  are  presented  (Section  5). 

2.  MEASUREMENT  TECHNIQUE 

2.1  Cross-Corre lation 


In  principle,  the  transfer  function  of  a  linear  system  can  be  determined  by  observation  of  the  system 
output  generated  by  a  known  input  signal.  In  practice,  the  power  spectrum  of  the  test  signal  should  be 
matched  to  the  frequency  range  of  interest,  and  to  avoid  time  delay  ambiguity  the  repetition  interval  of 
the  test  signal  should  be  greater  than  the  greatest  delay  within  the  system. 

Considering  the  measurement  of  the  channel  transmittance  of  a  microwave  link  we  can  write: 

Y(jw,t)  *  St(ju>)  H(ju), t)  Sr(jw)  X(jui)  .  (1) 

where  X  is  the  input  spectrum,  St  and  Sr  are  the  transmitter  and  receiver  transfer  functions  respectively, 

H  is  the  channel  transfer  function  and  Y  is  the  output  spectrum.  All  the  terras  in  Equation  (1)  are  complex 
functions  of  the  frequency.  Furthermore,  H,  and  hence  Y,  are  also  time  varying. 

Assuming  that  a  replica  of  the  transmitted  signal  is  available  at  the  receiver,  with  a  variable 
relative  delay,  then  a  cross-correlation  function  can  be  obtained.  In  general  this  correlation  function 
is  time  varying  in  the  same  way  as  H(jm,t),  but  provided  the  measurement  time  is  short  compared  to  the 


rate  of  change  of  the  channel  characteristics,  it  is  given  by: 

R^T.t)  -  F-‘  Px  *  (jw) ,  .  (2) 

the  channel  transfer  function  can  be  calculated  from  the  Fourier  transform  of  : 

f  r^(x.t,] 

H(j<u,t)  -  .  .  (3) 

|X(»|2  Sr(jm)  St(jm) 


The  function  |x(ju)|z  Sr(jui)  St(ju>)  can  be  found  from  back-to-back  operation  or  under  non-dispersi ve 
conditions.  Experimental  results  of  such  a  function  obtained  in  the  laboratory  are  presented  in 
Section  5. 3. 

2.2  PRBS  Technique 

A  pseudo-random  binary  sequence  (PRBS)  has  time  waveform,  power  spectrum  and  auto-correlation  function 
which  make  it  a  useful  channel  test  signal  as  described  above.  Such  a  signal  can  either  be  applied  directly 
or  used  to  modulate  a  carrier  frequency.  The  PRBS  technique  has  the  following  advantages: 

(i)  With  present  technology,  reliable  high  bit  rate  sequences  (^  250  M  bits/s)  can  be 
generated  to  allow  ‘probing*  of  a  wideband  channel. 

(ii)  Good  frequency  resolution  can  be  obtained  using  a  long  sequence. 

(iii)  Coherent  detection  and  integration  can  be  used  to  increase  the  measurement  signal-to-noise 
ratio  allowing  low  transmitter  power. 

(iv)  The  technique  is  flexible  in  that  the  bit-rate  or  sequence  length  can  be  altered  to  suit 
the  channel  under  investigation. 

(v)  With  sufficient  signal-to-noise  ratio  bit  error  rates  can  be  obtained  directly. 

(vz)  Rapid  measurement  of  channel  impulse  response  and  hence  of  the  transfer  function  is 
possible. 

The  main  disadvantage  of  the  technique  is  the  relatively  complex  analogue  and  digital  signal  processing 
required. 

2.3  Joining  Transfer  Functions 

In  the  equipment  described  here  the  wideband  test  signal  is  generated  by  two-phase  modulation  of  the 
microwave  carrier  by  a  PRBS.  A  similar  signal  is  generated  at  the  receiver  for  cross-correlation.  This 
allows  measurement  of  the  channel  transfer  function  over  a  bandwidth  slightly  greater  than  the  PRBS  clock 
frequency.  However,  there  are  practical  limits  on  the  bit-rate  achievable  with  current  technology  to  about 
250  M>/s.  Wider  measurement  bandwidths  can  be  achieved  by  switching  the  carrier  frequency  to  cover  adjacent 
frequency  bands. 

In  principle  the  resulting  transfer  functions  could  simply  be  'added  together*.  However,  since  the 
various  local  oscillators  are  not  exactly  phase  locked  there  is  a  variable  phase  discontinuity  which  must  be 
taken  into  account.  This  can  be  found  from  the  mean  phase  error  in  the  overlapping  region  of  the  spectrum 
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as  illustrated  In  Figure  1.  An  algorithm  for  estimating  this  phase  difference  has  been  developed  Q i] 
which  makes  use  of  the  properties  of  complex  numbers  to  avoid  frequent  evaluation  of  trigonometrical 
functions.  This  algorithm  also  includes  a  windowing  function  to  take  into  account  the  increasing  errors 
in  measurement  away  from  the  carrier  frequency,  and  also  to  ensure  a  smooth  transition  region  between  the 
two  transfer  functions. 

3.  EXPERIMENTAL  SYSTEM 


3.1  General 


Because  of  the  complexity  of  the  system,  this  section  outlines  the  principles  and  puts  the  following 
sections  into  perspective.  Figure  2  shows  the  block  diagram  of  the  system  to  'probe*  the  atmospheric 
channel  transmittance.  This  system  is  currently  near  completion  and  Section  5.3  presents  experimental 
results  of  back-to-back  tests  between  transmitter  and  receiver  units  inclusive  of  the  effects  of  a  multi- 
path  simulator.  The  system  is  scheduled  to  be  tested  during  a  Summer  campaign  in  1984.  The  channel  will 
consist  initially  of  a  33  kra  path  near  the  RAL  Chilbolton  Observatory.  The  transmitter  antenna  will  be 
mounted  on  a  tower  at  about  30  metres,  and  the  receiver  antenna  at  about  10  metres.  The  antennas  are  60  cm 
in  diameter  with  a  front  feed  system  allowing  simultaneous  operation  with  vertical  and  horizontal 
polarisations.  Within  a  10  dB  bearawidth  the  cross-polar  isolation  over  the  1  GHz  operation  bandwidth 
18-19  GHz  is  better  than  26  dB.  The  1*9°  beanwidth  should  prevent  *spatial  filtering'  of  indirect  rays. 

Under  the  above  conditions  with  an  initial  10  dBm  transmitter  power,  the  free-space  received  S/N  in  250  MHz 
can  be  estimated  at  about  18  dB.  This  means  that  the  modulation  is  well  above  the  receiver  noise  level 
even  under  rain— fading  conditions  and  BER  measurements  could  be  carried  out.  Furthermore,  as  the  correlator 
detection  bandwidth  is  approximately  8  kHz  (see  below)  this  implies  a  post  detection  S/N  of  about  63  dB, 
that  is  a  processing  gain  of  63  -  18  =  45  dB  according  to  the  definitions  used  in  spread  spectrum  techniques. 

The  details  of  the  system  are  given  in  the  following  sections.  In  brief  the  18-19  GHz  band  is  sensed 
by  transmitting  a  250  M  bits/s  PRBS  which  phase  modulates  four  switched  carriers.  Clock,  carrier  and 
carrier  switching  sequence  synchronisation  are  coherent  with  a  5  MHz  master  crystal  oscillator.  At  the 
receiving  end  the  correct  polarisation  being  transmitted  is  selected,  and  this  co-polar  signal  is  sent  to 
the  correlator.  The  correlator  cross-correlates  the  down-converted  signal  with  the  locally  generated  one. 

The  complex  impulse  response  is  obtained  by  sliding  (delaying  or  advancing)  the  locally  generated  PRBS  in 
steps  of  1  bit.  Similar  operation  can  be  carried  out  with  the  cross-polar  component  so  that  a  cross-polar 
transfer  function  is  also  obtained.  The  receiver  operations  are  under  control  of  a  logic  unit  and  this 
releases  the  burden  of  these  repetitive  operations  from  the  computer  (PDP  11/24).  The  computer  task  is  the 
monitoring  of  the  receiver  under  control  of  the  logic  unit,  the  sampling  and  storage  of  the  complex  cross¬ 
correlation  data  points,  computation  of  the  transfer  function,  up-dating  of  certain  statistical  data, 
storage  on  disk  and  later  transfer  to  magnetic  tape,  and  periodic  house-keeping  by  monitoring  and  storing 
analogue  voltages  which  reflect  the  receiver  status. 

3.2  Transmitter 


Figure  3  shows  a  simplified  block  diagram  of  the  transmitter  unit.  A  750  MHz  carrier  is  phase  modulated 
by  a  250  M  bit/s  pseudo-random  binary  sequence  of  length  2i0  -  1  bits.  After  up-conversion  by  one  of  the 
four  selected  RF  local  oscillators  followed  by  filtering  and  amplification,  the  resulting  PRBS  modulated 
carrier  is  sent  to  a  microwave  switch  which  allows  the  selection  of  vertical  or  horizontal  polarisations . 

The  use  of  4  possible  carriers  leads  to  four  bands  with  overlapping  regions  of  60  MHz  so  that  after  joining 
the  four  transfer  functions  as  described  in  2.3,  an  overall  1  GHz  bandwidth  can  be  studied.  The  final 
transmitted  spectra  and  the  overlapping  regions  are  shown  in  Figure  4.  Figure  5  shows  the  current  strategy 
of  transmission  of  frequencies  and  polarisations.  Sixteen  PRBS's  are  transmitted  before  another  carrier  is 
selected.  Other  strategies  are  possible,  for  example  the  dual  polarisation  can  be  omitted,  or  fewer  carriers 
can  be  transmitted.  As  described  in  3.4  during  the  full  cycle  of  frequencies  and  polarisations  the  cross- 
correlator  'sits*  at  a  particular  lag  and  the  various  samples  of  the  correlator  corresponding  to  the  various 
frequency  bands  and  polarisations  are  later  ’unscrambled*  by  the  computer.  Brief  details  of  the  logic 
control  are  given  in  4.2. 


The  transmitter  unit  is  composed  of  three  sub-units  mounted 
(A)  master  oscillator  and  microwave  oscillators,  (B)  the  750  MHz 
up-converter/filter /ampl if ier  and  the  control  logic.  A  separate 
system  of  thermal  control  which  includes  power  supply  cut-out  in 
appropriate  air  flow  within  the  transmitter  rack  and  temperature 
and  resistors  fixed  to  the  walls  of  the  unit  monitor  and  control 


in  a  19"  rack  These  units  contain: 
PRBS  modulation  unit,  (C)  the  microwave 
unit  contains  the  power  supplies  and  a 
case  of  over-heating.  Fans  ensure 
sensors  together  with  power  transistors 
the  heating. 


3.3  Receiver 


Figure  6  shows  the  block  diagram  of  the  receiver.  This  circuit  delivers  two  IF's  at  750  MHz  with  a 
bandwidth  of  350  MHz  at  the  nominal  level  of  0  dBm.  The  output  1  or  channel  1,  (reference  polar i sat  ion ) 
goes  to  the  acquisition  unit  which  acquires  clock,  carrier  and  the  f requency/polarisation  sequence  (3.4). 
Channel  2  is  connected  to  the  correlator.  A  flat  fading  margin  of  some  20  dB  over  the  band  has  been  allowed 
in  the  design  to  account  for  excess  attenuation  due  to  rain  fades  or  to  longer  links.  On  the  assumption 
that  the  correct  sequence  of  frequency  and  polarisations  has  been  acquired  (Section  3.4)  the  control  logic 
(Section  4.2)  operates  the  carrier  switching  of  local  oscillators  SW1  and  the  switching  matrix  SW2.  The 
operation  is  as  follows:  suppose  that  vertical  polarisation  is  the  reference  one,  then  if  cross-polar 
measurements  are  to  be  carried  out,  the  switch  SW2  ensures  that  only  when  V/Fl  is  present  (65  us)  channel  1 
is  connected  to  the  acquisition  units  (Figure  6).  For  the  rerr  ining  65  x  7  *  455  us,  channel  1  is 
disconnected  and  the  clock  and  carrier  (local)  oscillators  'fly-wheel*  and  remain  in  average  phase  until 
the  next  burst  of  65  us  of  V/Fl  appears.  From  the  processing  point  of  view,  SW2  ensures  that  the 
measurement  channel,  Ch  2,  is  sequentially  connected  to  the  V,  H,  H  and  V  front-end  channels  and  therefore 
for  the  particular  lag  being  selected  the  cross-correlator  produces  samples  of  the  cross-correlations 
corresponding  to  the  vertical  co-polar  channel,  horizontal  co-polar,  vertical  cross-polar  and  horizontal 
cross-polar.  The  switching  pattern  of  frequencies,  polarisations  and  cross-correlation  measurements  is 
repeated  for  the  next  lag  t  •  +  j  (see  Section  3»5),  The  switching  matrix  SW2  is  composed  of  two  3  dB 


couplers  and  6  PIN  diode  switches  arranged  in  such  a  way  that  the  two  receiver  channels  are  terminated  in 
50  ft  at  all  times  and  thus  well  matched.  Again  as  in  the  transmitter  other  switching  patterns  are  possible 
for  example  to  reduce  the  time  between  resynchronisation. 


Finally  Figure  6  shows  also  the  arrangement  for  calibration.  This  is  carried  out  by  using  the  same 
local  oscillators  which  are  used  to  up-convert  the  750  MHz  PRBS  output  of  the  calibration  unit.  This  unit 
is  identical  to  that  used  in  the  transmitter. 

3.4  Clock  and  Carrier  Recovery  Synchronisation 

The  reference  polarisation  output  channel  (Ch  1#  Figure  6)  is  connected  to  the  acquisition  circuitry 
shown  in  Figure  7  via  the  switching  matrix.  The  objectives  of  the  unit  are  twofold.  On  the  one  hand  it 
acquires  clock,  carrier  and  synchronises  the  switching  of  polarisations  and  frequencies,  and  on  the  other 
it  supplies  the  cross-correlator  with  three  outputs:  the  250  MHz  clock,  the  750  MHz  carrier  and  the  sync 
pulse  to  indicate  the  beginning  of  the  PRBS. 

From  the  start  the  receiver  logic  ensures  that  only  the  local  oscillator  for  FI  is  applied  to  the  RF 
mixer  (Figure  6).  When  FI  is  transmitted  via  the  reference  polarisation,  the  code  lock  loop  can  operate 
and  the  sampled  phase  error  causes  the  VCXO  to  lock  onto  the  arriving  clock.  If  the  frequency  difference 
between  the  two  before  lock  is,  say,  A f  Hz  and  N  is  the  sequence  length  (1023),  then,  provided  that  Af  is 
within  the  acquisition  range  of  the  VCXO,  it  will  take  at  most  N/Af  seconds  to  acquire  lock.  If  that 
range  is  100  Hz,  then  the  maximum  time  between  lock  is  1023/100  *  10  s .  Note  that  the  code  lock  loop  error 
signal  is  sampled  at  about  2  kHz  because  V/Fl  appears  every  ^  65  x  8  us  (Figure  5) . 

Once  the  250  MHz  clock  is  available  for  carrier  acquisition,  that  loop  can  operate  provided  that  the 
microwave  carriers  are  within  the  capture  range.  If  required,  a  d.c.  offset  can  be  added  to  the  control 
voltage  of  the  5  MHz  reference.  With  the  pulsed  carrier  recovered  (750  MHz)  and  the  clock  available  (now 
coherent  with  the  carrier  as  at  the  transmitter),  the  synchronisation  of  polarisation  and  frequencies  can 
operate.  For  this  (Figure  7)  when  the  VCO  of  ^  250  kHz/128  'v  2  kHz  is  synchronous  with  the  rate  of  the 
arriving  RF  of  750  MHz,  the  phase  reversals  at  the  output  of  the  first  mixer  are  in  the  centre  of  the 
65  us  period  so  that  areas  *A*  and  1 B*  are  equal  and  the  mean  voltage  is  zero.  Any  imbalance  will  be 
corrected  by  the  loop.  After  locking,  the  logic  states  of  the  intermediate  stages  of  the  divider  can  be 
decoded  and  give  a  precise  indication  of  transmitter  frequency  and  polarisation  state.  It  should  now 
become  apparent  why  the  same  polarisation  must  be  applied  to  the  acquisition  unit  for  synchronisation  of 
polarisations  and  frequencies. 

3.5  Correlator 


Figure  8  shows  the  block  diagram  of  the  cross-correlator  which  requires  the  three  receiver  outputs 
described  in  3.4.  Because  the  transmitted  and  received  spectrum  is  truncated  by  filtering  beyond  t  f^ 

(the  clock  frequency),  complete  information  can  be  obtained  by  resolving  the  correlation  function  of 
each  elementary  channel,  at  lag  intervals  equal  to  l/2fb  or  J  the  bit  period  (2  ns).  For  each  relative 
advance  or  delay  of  the  local  PRBS  sequence  ’A*  relative  to  the  arriving  sequence,  the  correlator  delivers 
to  the  integrators  and  sampling  and  hold  units  (S/H)  the  real  and  imaginary  parts  of  the  cross-correlat ion 
at  lags,  say,  Tn  and  tn  +  }  bit.  Thus  two  values  of  the  complex  function  are  generated  in  parallel. 
Furthermore,  as  indicated  before,  in  the  present  system  a  specific  lag  is  present  during  the  complete  cycle 
(lasting  up  to  2  x  8  x  65  ps)  of  frequencies  and  polarisations,  and  the  control  logic  commands  the  duration 
of  the  integration  per  band  present  to  be  the  65  ps.  This  implies  a  post  detection  bandwidth  of  j  1/65  ps 
or  about  8  kHz.  As  the  baseband  data  transmitted  is  250  MHz  this  implies  a  processing  gain  of  250/8  x  10"3 
or  45  dB  as  quoted  in  3.1.  We  note  that  because  every  65  ps  four  data  samples  are  presented  to  the  multi¬ 
plexer  of  the  computer  controlled  analogue-to-digi tal  converter  (during  the  subsequent  65  us  while  the  next 
integration  takes  place),  as  a  result  the  maximum  ADC  data  rate  is  4  x  16  k  samples/s.  This  data  is 
unscrambled  by  the  computer,  transfer  functions  obtained,  statistics  up-dated  and  in  case  of  'no  event*  the 
data  is  not  permanently  stored  (Sections  4.1,  4.3). 

The  operation  of  the  correlator  logic  is  as  follows.  Each  of  the  PRBS  generators  (A,B)  has  three 
inputs:  clock,  data  strobe,  10  bit  word.  At  the  start,  the  strobe  input  commands  the  load  of  the  10  bit 
data  word  into  the  PRBS  (B).  This  word  is  one  of  the  possible  1023  of  the  sequence  and  therefore  represents 
a  delay  or  an  advance  in  relation  to  the  'all  l*s*  of  the  arriving  sequence.  The  presence  of  a  sync  pulse 
loads  the  register  of  B  onto  A,  so  now  both  registers  run  with  equal  bit  pattern  at  250  M  bits/s 
synchronously  with  the  arriving  pattern  of  the  receiver  except  for  the  delay  given  by  the  start  word. 

From  then  on  the  command  'advance'  or  'delay'  input  to  the  PRBS  (B)  will  shift  the  register  by  1  bit. 

The  pattern  will  only  be  passed  onto  the  PRBS  (A)  when  the  sync  pulse  appears.  Clearly  if  there  is  no 
change  of  advance /delay  of  PRBS  (B)  we  keep  loading  the  same  word  into  (A)  and  therefore  the  lag  remains 
the  same.  Under  receiver  logic  control  of  the  advance/delay  and  of  the  starting  word  we  can  explore  a 
variety  of  lag  ranges. 

4 .  SYSTEM  CONTROL  AND  DATA  PROCESSING 


4.1  Computer  System 

The  computer  system  shown  in  Figure  9  which  is  self-explanatory  carries  out  the  following  functions: 

(i)  Control  of  receiver  operation. 

(ii)  Acquisition  of  correlation  function  data. 

(iii)  Processing  of  correlation  functions  to  give  channel  transfer  function. 

(iv)  Storage  of  raw  transfer  functions  during  propagation  events. 

(v)  Storage  of  channel  propagation  statistics  (reduced  data  format). 

J 


The  first  two  functions  are  performed  in  association  with  a  hard-wired  logic  and  control  unit 
(Section  4,2).  This  relieves  the  processor  of  a  considerable  burden  of  repetitive  timing  operations.  The 
remaining  operations  (Section  4.3)  are  carried  out  by  the  POP  11/24  processor  and  MSP3X  array  processor. 

The  latter  is  required  to  calculate  the  Fourier  transform  of  the  correlation  function  in  'real  time*. 

4.2  Logic  Unit  and  Computer  Interaction 

The  logic  unit  is  a  set  of  TTL  circuits  whose  purpose  is  to  carry  out  the  repetitive  tasks  of 
controlling  the  system.  This  has  two  consequences:  as  indicated  above  the  computer  is  left  free  to  carry 
out  more  important  operations  and  also,  it  is  possible  to  operate  the  receiver  in  a  limited  way  even  if  the 
computer  is  unavailable  for  some  reason  such  as  failure.  Consequently,  the  majority  of  controls  originating 
from  the  computer  have  manual  substitutes  available  on  the  front  panel  of  the  logic.  Also,  the  interaction 
with  the  computer  does  not  involve  any  handshaking  arrangements,  all  lines  in  or  out  are  treated  as  always 
being  meaningful  (whether  'active1  or  not). 

The  outputs  of  the  logic  fall  into  three  categories.  The  first  of  these  involves  the  overall  settings 
of  the  system.  This  means  telling  the  other  units  in  the  receiver  whether  they  should  be  trying  to  acquire 
the  received  signal  or  tracking  one  already  acquired.  Similarly,  switches  are  controlled  which  put  the 
system  into  measuring  mode  rather  than  in  calibration  mode.  These  'settings'  do  not  change  over  long 
periods  of  time. 

The  second  set  of  outputs  can  be  called  'real  time  controls'.  These  are  signals  which  are  continuously 
changing  during  the  period  of  a  channel  measurement,  such  as  the  current  frequency  and  polarisation  of  the 
correlator  input.  Other  signals  control  the  correlator  lag,  the  sample  and  holds  in  the  correlator  and  the 
digitisation  of  the  correlator  analogue  outputs  by  the  computer.  This  last  is  carried  out  under  DMA 
(direct  memory  access)  so  that,  in  a  sense,  the  logic  controls  the  computer. 

The  third  category  of  outputs  are  those  which  keep  the  computer  informed  as  to  the  current  status  of 
the  receiver.  These  include  indications  of  whether  or  not  the  various  receiver  loops  are  locked ,  the 
current  frequency  and  polarisations  and  also  whether  the  correlator  is  currently  carrying  out  a  measurement. 
As  stated  previously,  all  these  are  permanently  'meaningful',  and  the  computer  reads  them  when  it  needs  to 
know. 

The  inputs  which  control  the  behaviour  of  the  logic  are  also  in  three  groups:  timing  synchronisation 
signals  from  other  parts  of  the  receiver,  computer  controls  and  manual  front  panel  controls  The  latter 
are  mostly  manual  versions  of  the  computer  signals  with  two  exceptions.  The  switch  which  determines  whether 
the  receiver  is  under  computer  or  manual  control  has  no  equivalent  from  the  computer,  and  neither  do  the 
switches  which  specify  the  kind  of  frequency/polarisation  sequence  expected  to  be  sent  by  the  transmitter. 

The  lines  from  the  computer  are,  firstly,  settings  such  as  ' track /acquire ' ,  'raeasure/calibrate' , 
'include  cross-polar  measurements'  or  the  number  of  lags  and  scans  (complete  channel  measurements). 

Secondly,  there  are  strobes,  i.e.  signals  whose  leading  edge  is  their  only  significant  attribute.  The 
primary  one  of  these  carries  the  meaning  'begin  measurement*.  When  this  is  received  (or  its  front  panel 
substitute  pressed)  the  logic  unit  enters  a  series  of  autonomous  actions  to  carry  out  a  set  of  channel 
measurements.  The  computer  is  left  free  to  do  other  operations  since  all  control  of  the  receiver  and  even 
the  storing  of  results  in  the  computer  memory  is  under  the  independent  control  of  the  logic. 

4. 3  Data  Acquisition  and  Processing 

Figure  10  shows  a  simplified  block  diagram  of  the  data  processing  scheme.  Initially,  the  computer  sets 
up  the  receiver  in  the  appropriate  mode  of  operation  and  supervises  acquisition  of  the  PRBS  code  and  clock, 
the  transmitted  carrier  and  carrier  switching  synchronisation.  This  is  achieved  by  receiving  on  only  one 
frequency  and  one  polarisation  until  all  the  loops  involved  are  locked.  Receiver  carrier  switching  and 
sampling  of  the  correlation  functions  are  then  enabled.  For  a  full  dual  polarisation  measurement  with  four 
carriers  the  data  acquisition  operation  takes  32  ms.  During  this  interval  of  time  2048  analogue  samples 
are  stored  in  the  computer  memory. 

The  next  step  is  to  Fourier  transform  the  correlation  function  data,  divide  by  the  system  transfer 
function  and  join  the  separate  frequency  bands  to  give  the  final  transfer  function  measurement  (or  in  the 
case  of  full  co-  and  cross-polar  measurements  the  channel  transmittance).  The  processing  software  is 
written  mainly  in  FORTRAN  with  MACRO-ll  assembler  routines  for  speed  critical  sections.  The  time  interval 
between  successive  'snapshots'  of  the  channel  characteristics  limited  by  the  processing  time  which  is 
currently  0*1-10  seconds  depending  on  the  number  of  carriers  and  polarisations  etc.,  and  the  processing 
required. 

The  channel  transmittance  is  initially  stored  on  disk,  but  it  is  apparent  that  the  available  30  M  bvtos 
would  soon  be  exhausted  by  continuous  sampling  at  the  above  rates.  Thus,  only  data  obtained  during 
propagation  'events'  of  interest  are  retained.  The  data  selection  criteria  are  programmable,  with  for 
example,  multipath  events  being  detectable  by  variations  in  the  amplitude  of  the  transfer  function  with 
frequency. 

In  parallel  with  the  logging  of  event  data,  a  statistical  summary  of  the  channel  characteristics  is 
calculated  and  stored  periodically.  This  is  effectively  a  greatly  compressed  version  of  the  original  data 
and  will  give  information  on  the  channel  behaviour  both  between  and  during  'events'. 

Finally,  the  data  stored  on  disk  will  be  transferred  to  9-track  magnetic  tape  for  further  off-line 
processing  and  analysis.  Tt  is  anticipated  that  this  will  be  carried  out  manually  about  once  a  week  when 
the  system  is  installed  on  the  test  link. 
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5.  COMPUTER  SIMULATIONS  AND  MEASUREMENTS 


5.1  System  Performance  Simulations 

The  principles  of  the  measurement  technique  and  performance  of  the  system  have  been  extensively 
investigated  using  a  computer  model  to  test  the  effects  of  thermal  and  phase  noise  on  the  accuracy  of  the 
measurements.  The  algorithm  for  joining  transfer  functions  has  also  been  tested  using  computer  simulation. 

An  example  of  the  results  obtained  is  shown  in  Figure  11.  Here  the  r.m.s.  phase  error  in  the  measured 
transfer  function  (of  a  non-dispersive  channel)  is  plotted  as  a  function  of  frequency.  Gaussian  phase 
errors  with  1°  r.m.s.  amplitude  were  added  at  the  correlator  output.  It  can  be  seen  that  this  has 
introduced  about  I  phase  error  across  the  frequency  band  with  an  increase  in  the  upper  half  due  to 
inaccuracies  introduced  by  the  joining  algorithm.  The  effective  bandwidth  for  reliable  measurement  using 
two  overlapping  channel  measurements  is  in  this  example  about  500  MHz. 

5.2  Channel  Measurement  Simulations 


A  variety  of  simulations  have  been  carried  out,  in  parallel  with  the  development  of  the  system,  aimed 
at  modelling  the  behaviour  of  the  multipath  channel  which  the  system  is  designed  to  measure.  The  initial 
purpose  of  this  activity  was  to  provide  an  indication  of  the  sort  of  behaviour  the  channel  might  display 
on  the  basis  of  a  fairly  simple  physical  model.  Stemming  from  this,  there  grew  an  interest  in  using  the 
simulations  for  assisting  in  the  interpretation  of  any  results  obtained  and  in  evaluating,  in  advance,  a 
selection  of  techniques  for  analysing  the  data  expected  to  be  collected. 

There  are  two  types  of  simulations.  The  first  of  these  is  concerned  with  modelling  the  ray 
trajectories  through  the  atmosphere.  The  behaviour  of  such  models  seems  to  depend  on  the  model  chosen 
for  the  refractive  index  profile  along  the  path.  A  very  common  model  is  to  describe  the  profile  by  a 
continuous  piecewise  linear  function  (e.g.  [JL4]  )  and  approximating  the  ray  paths  by  arcs  of  circles. 

Other  workers  suggest  that  this  model  can  suppress  higher  order  delays,  and  propose  smooth  analytical 
models  instead  Q5J  .  Our  own  work  in  this  area  is  as  yet  inconclusive,  but  we  are  seeking  a  model  that 
facilitates  the  deduction  of  an  atmospheric  structure  from  our  channel  measurements. 

The  second  model  type  being  developed  simulates  the  transfer  function  of  a  multipath  channel.  The 
simplest  form  utilises  just  two  rays:  one  direct  and  one  refracted/reflected.  This  can  provide  substantial 
f requency-selective  fading,  but  certain  observed  effects,  such  as  sudden  reversals  of  group  delay  polarity, 
cannot  be  explained.  However,  incorporating  a  third  ray  enables  one  to  simulate  such  events  (Figure  12) 
and  careful  examination  of  the  parameter  values  involved  tends  to  imply  that  sudden  group-delay  reversals 
are  useful  for  implying  the  presence  of  extra  rays,  but  they  do  not  correspond  to  equally  dramatic  changes 
in  the  channel  characteristics. 

Having  produced  synthetic  transfer  functions  due  to  known  values  of  ray  magnitudes  and  delays,  a 
variety  of  analysis  techniques  can  be  applied  to  see  how  well  they  perform  both  on  the  clean  spectrum  and 
in  the  presence  of  controlled  amounts  of  noise.  The  most  obvious  method  for  attempting  to  find  the  rays 
is  to  pfoduce  an  'impulse  response*  by  Fourier  transforming  the  spectrum  using  an  appropriate  window  such 
as  the  Kaiser-Bessel  £l6] .  This  linear  method  is,  in  a  sense,  equivalent  to  fitting  a  model  to  the 
spectrum  that  assumes  the  spectrum  is  due  to  a  large  number  of  equally  spaced  'rays'  which  then  have  to  be 
examined  by  hand  to  select  the  'real'  rays. 

A  more  satisfactory  approach  appears  to  be  to  fit  a  model  with  a  few  rays  to  the  data  by  some  best-fit 
technique.  This  has  the  disadvantage  that  it  is  inherently  nonlinear  and  computationally  complex  [3]  but 
it  does  seem  at  present  to  hold  better  hope  for  fully  automated  data  analysis,  which  is  likely  to  be 
necessary  if  any  substantial  database  of  fading  results  is  obtained. 

5 . 3  Preliminary  Laboratory  Results 

The  measurements  presented  here  show  the  performance  of  the  system  in  labors  v  back-to-back  tests. 

Figure  13  shows  the  power  spectrum  of  the  750  MHz  carrier  modulated  by  the  250  Mb/s,  This  signal  is 
up-converted  to  18  GHz,  transmitted  over  the  link  (a  coaxial  cable)  and  down-converted  to  750  MHz  at  the 
receiver  resulting  in  the  spectrum  shown  in  Figure  14.  A  path  loss  of  70  dB  was  simulated  using  fixed 
attenuators.  The  irregularities  in  the  spectrum  are  thought  to  be  due  to  various  reflections  in  the 
transmitter  and  receiver  systems.  The  receiver  front-end  noise  contribution  ''an  also  be  clearly  seen. 

Figure  15  shows  the  power  spectrum  with  a  simulated  two  ray  multipath  channel  inserted  at  IF.  The 
second  path  has  a  relative  delay  of  about  11  ns. 

Figure  16(a),  (b),  (c),  (d)  shows  back-to-back  IF  system  measurements  after  data  acquisition  and 
processing  by  the  computer.  The  rr^gnitude  of  the  impulse  response  of  the  system  is  shown  in  Figure  16(a) 
and  the  corresponding  power  spectrum  is  shown  in  Figure  16(b).  It  can  be  seen  that  the  system  response 
within  one  channel  is  reasonably  flat  over  the  range  of  interest  (t  150  MHz). 

The  frequency  response  of  a  simulated  flat  channel  after  division  by  the  system  response  is  shown  in 
Figure  16(c).  It  can  be  seen  that  the  measurement  accuracy  decreases  away  from  the  carrier.  This  is  due 
to  thermal  and  phase  noise  (see  Section  5.1).  A  similar  spectrum  for  a  simulated  multipath  channel  is 
shown  in  Figure  16(d).  The  characteristic  deep  nulls  can  be  compared  with  those  in  Figure  15. 

6.  DISCUSSION  AND  CONCLUSIONS 


This  paper  has  described  the  background  and  details  of  a  cross-correlation  measuring  system  with  the 
objective  of  measuring  the  transfer  function  of  a  wideband  channel  which  is  linear  and  time  variant.  A 
multipath  environment  in  the  microwave  region  constitutes  such  a  channel.  The  cross-correlation  technique 
has  long  been  known  and  has  been  used  by  the  ITS/NBS  of  Boulder  in  their  'probe*.  In  it  a  continuous 
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slide-by  technique  is  used  and  periodic  fast  'snapshots*  of  the  impulse  response  are  generated  [l7].  The 
technique  described  in  this  paper  is  digital  and  the  complex  correlation  function  is  evaluated  at  J  bit 
lag  intervals,,  Computer  simulations  have  shown  that  with  suitable  filtering  this  sampling  is  sufficient 
in  practice  to  reproduce  the  channel  characteristics  and  that  a  higher  sampling  resolution  is  not 
necessary  £l3j.  Additional  techniques  described  in  this  paper  include  the  use  of  overlapping  bandwidth 
and  summation  of  transfer  functions  in  order  to  cover  a  much  wider  bandwidth  than  the  one  given  by  the 
spectrum  of  the  PRBS  sequence.  In  the  case  of  500  MHz  or  even  1  GHz  it  can  be  argued  that,  say,  a 
1  G  bit/s  PRBS  generator/cross-correlator  would  simplify  the  technique.  However  the  complexity  of  the 
fast  digital  technique  is  such  that  this  approach  is  not  yet  feasible.  The  flexible  arrangement  of 
frequencies  and  polarisation  switching  will  allow  the  measurement  of  the  complete  wideband  transmittance 
matrix.  ‘To  do  this  however  in  the  present  system,  phase  memory  for  the  receiver  carrier  and  clock 
oscillators  is  required  during  the  transmission  of  frequencies  and  polarisations  other  than  those 
selected  as  'reference*.  In  between  these  periods  the  oscillators  'fly-wheel'  and  must  keep  phase 
memory  before  they  are  resynchronised  and  their  memory  refreshed. 

Other  features  of  the  system  described  include  its  potential  ability  to  measure  BER.  This  is  inherent 
to  the  PRBS  and  digital  nature  of  the  technique  although  it  has  not  as  yet  been  implemented  in  the  present 
system.  This  digital  aspect  offers  also  the  advantages  of  having  soft-wired  logic  (PROM  programmed)  for 
the  repetitive  tasks  of  both  transmitter  and  receiver,  as  well  as  a  natural  interaction  with  the  computer 
(a  PDP  11/24  in  our  system)  via  the  peripherals.  The  availability  of  a  fast  array  processor  as  one  of  the 
peripherals  (2  ms  for  a  complex  FFT  of  64  complex  data  points  of  the  cross-correlation)  speeds  up 
computations  and  permits  the  use  of  the  concept  of  data  decimation  and  compression  in  the  sense  that  raw 
data  are  usually  not  stored  for  later  analysis.  Instead  we  store  only  data  which  is  meaningful  in  itself 
and  this  only  when  it  is  of  some  importance. 

The  main  disadvantage  of  the  present  system,  particularly  in  its  present  prototype  phase,  is  the 
complexity.  This  complexity  can  be  compared  with  the  relative  simplicity  of  other  systems  in  use  such  as 
the  sweeping  technique  of  the  French  CNET  of  Lannion  Q},16]  which  measures  amplitude  and  group  delay  which 
are  presented  as  analogue  outputs.  This  technique  as  well  as  the  NBS  [l  7]  permits  a  'visual'  assessment  of 
the  'events'  observed  but  the  data  has  to  be  digitised  for  later  analysis. 

Finally  the  system  which  has  been  described  can  cover  any  VHF  region  using  any  carrier  frequency 
greater  than  say,  1»5  GHz,  quite  apart  from  750  MHz  itself.  One  only  requires  to  change  the  final  local 
oscillators  for  the  up-conversion  and  down-conversion  at  the  transmitter  and  receiver  respectively.  The 
rest  of  the  system  operates  at  750  MHz  and  this  has  the  added  advantage  of  allowing  back-to-back  tests  in 
the  laboratory  and  include  a  simulator  and,  if  later  desired,  an  adaptive  equaliser,  all  under  controlled 
laboratory  conditions.  A  full  'system  transfer  function'  must  of  course  include  the  antennas  and  this 
implies  the  use  of  a  short  test  range  or  path  to  test  the  full  system  in  absence  of  multipath  and  of 
ground  reflections. 
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Figure  1:  Joining  transfer  function  estimates 
from  adjacent  frequency  bands. 


Figure  2:  General  configuration 
of  transmitter  and 
receiver  units. 
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Block  diagram  of  the  transmitter. 
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Figure  4:  Strategy  of  overlapping  RF  spectral  bands. 
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Figure  5:  Strategy  of  transmitted  frequencies  and  polarisations  using  a  given  lag. 


Figure  6:  Block  diagram  of  the  receiver. 


Figure  7:  Synchronisation  of  clock,  carrier  and  frequency/polarisation  switching  sequence 


Figure  8:  The  cross-correlator. 
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Block  diagram  of  the 
computer  system. 
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Block  diagram  showing  the 
data  processing. 


Figure  11:  Resulting  phase 
error  in  joined  transfer 
functions  due  to  1°  r.m.s. 
recovered  carrier  phase 
noise. 


Figure  12(a):  Group  delay 
of  a  simulated  three-ray 
fade. 


Figure  12(b) :  Group  delay 
of  a  simulated  three-ray 
fade  with  amplitude  of 
third  ray  increased  by  1Z. 
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Figure  14:  Power  spectrum  at  the  receiver 
after  down-conversion  and 
filtering. 
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Figure  15:  Power  spectrum  with  simulated 

multipath  event  (second  path  -30DBM 

delayed  by  11  ns). 
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Figure  16:  Results  from  back- 
to-back  tests  at  750  Mhz  IF 
using  a  hardware  multipath 
simulator. 


(a)  Magnitude  of  system 
impulse  response. 


(b)  Power  spectrum  computed 
from  system  impulse 
response. 
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(c)  Measured  amplitude  response 
of  a  simulated  flat  channel, 


(d)  Measured  amplitude  response 
of  a  simulated  multipath 
channel. 
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DISCUSSION 


E.W.  Lampert  (Germany):  What  are  the  limitations  of  your  system  concerning  propagation  paths  showing  a 
multipath  continuum,  i.e.t  where  no  real  main  ray  exists? 

T.J,  Moulsley  (U.K.):  The  behavior  of  the  wide-band  measurement  system  will,  of  course,  depend  on  the 
precise  nature  of  the  multipath  channel.  The  main  requirement  for  successful  operation  is  acquisition  of 
the  received  code  by  the  code-lock  loop.  A  troposcatter  link  is  a  typical  example  of  a  path  with  a 
continuum  of  multipath  components.  On  such  a  link  the  code-lock  loop  would  touch  the  “centroid"  of  the 
correlation  function  of  the  received  energy.  • 

Reliable  measurements  would  be  obtained  provided  the  channel  could  be  considered  "frozen"  during  the 
measurement  interval.  However,  it  is  possible  to  imagine  hypothetical  characteristics  which  would  prevent 
stable  signal  acquisition.  An  example  is  a  channel  with  a  small  number  of  intermittent  multipath 
components  and  no  dominant  "direct  path"  component.  Our  hardware  multipath  simulator  could  be  used  to 
simulate  this  hypothetical  case  and  to  assess  the  performance  of  the  measuring  system. 

I.  Anderson  (U.K.):  How  sensitive  is  the  accuracy  of  your  system  to  code  synchron izat ion  error  caused, 
e.g.,  by  the  burst-time  of  the  signal  being  too  short  compared  with  the  acquisition  time  of  the  code-lock 
loop? 


T.J.  Moulsley  (U.K.):  In  the  switched  carrier  mode  of  operation,  the  code-lock  loop  error  signal  is 
pulsed  rather  than  continuous.  This  means  that  the  code-lock  loop  is  effectively  a  sampled  system.  When  the 
loop  bandwidth  is  sufficiently  narrow  and  the  carrier  (and  clock)  phase  noise  is  sufficiently  small,  the 
loop  should  function  in  much  the  same  way  as  a  continuous  signal.  Thus  there  should  be  little  effect  on 
measurement  accuracy. 

However,  the  question  leads  to  an  important  point.  The  desirability  of  the  code-lock  loop 
"fly-wheeling"  between  signal  bursts  and  the  necessity  of  tracking  carrier  phase  noise  produce  conflicting 
requirements  on  the  loop  bandwidth.  The  optimum  loop  parameters  to  meet  these  requirements  are  currently 
under  investigation.  It  appears  likely  that  the  frequency  and  polarization  switching  strategy  seen  in 
Figure  5  of  our  paper  will  need  to  be  modified  to  obtain  reliable  system  operation. 
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SUMMARY 


- -  The  paper  describes  a  microwave  ref ractonieter  designed  to  be  used  in  studies  of  multipath  propagation 

on  line-of-slght  microwave  links,  and  studies  of  transhorizon  ducting.  The  application  of  a  GaAs  FET 
amplifier  in  a  feedback  loop  containing  the  sampling  cavity  has  produced  a  lightweight  and  simple 
ref ractometer  which  has  been  tested  and  used  in  a  light  aircraft  with  on-board  data  processing.  These 
various  aspects  are  discussed  In  some  detail,  together  with  the  background  requirements  and  specification. 


1.  INTRODUCTION 

In  the  nineteen  fifties  and  sixties  much  effort  was  put  into  making  measurements  with  microwave 
refractoraeters.  The  Interest  was  to  resolve  the  part  played  by  reflection  from  horizontally-layered 
discontinuities  in  refractive  index  and  that  by  scatter  from  random  variability  in  the  medium.  At  that 
time,  such  refractoraeters  were  of  a  differential  nature,  giving  the  difference  between  the  resonance 
frequency  of  a  sampling  cavity  and  that  of  a  reference  cavity.  The  differential  system  was  less  than  ideal 
and  emphasis  on  this  type  of  work  diminished  as  priorities  changed. 

More  recently,  with  the  ever-increasing  problems  of  determining  possible  interference  between  signals 
from  widely  spaced  transmitters  on  the  same  frequency,  and  a  military  interest  in  knowing  the  range  to  which 
signals  may  be  ducted,  there  has  been  renewed  interest  in  ref ractometers.  The  present  paper  describes  a 
microwave  ref ractometer  designed  to  be  used  in  studies  of  multipath  propagation  on  line-of-sight  microwave 
links,  and  studies  of  transhorizon  ducting.  Because  microwave  frequencies  can  now  be  measured  directly,  a 
differential  device  is  no  longer  necessary.  Furthermore,  the  application  of  an  FET  amplifier  in  a  feedback 
loop  containing  the  sampling  cavity  has  produced  a  lightweight  and  simple  ref ractometer  which  has  been 

tested  and  used  in  a  light  aircraft  with  on-board  data  processing.  The  paper  discusses  these  aspects  in 

some  detail,  together  with  the  background  requirements  and  specification. 

The  principle  of  the  microwave  ref ractometer  is  to  measure  the  frequency  of  a  resonant  cavity. 

Changes,  6f,  in  the  resonant  frequency,  f,  of  the  cavity  are  related  to  changes,  *  n,  in  refractive  index  of 
the  air,  n,  within  the  cavity  by  the  relationship 

<Sf/f  =  -6n/n  (1) 

Since  the  radio  refractive  index  of  air  Is  close  to  unity,  it  is  usually  expressed  in  parts  per  million 

above  unity,  N,  and  so  changes,  6N,  are  given  by 

fN  -  -106  ff/f  (2) 


The  cavity  is  designed  to  support  a  mode  of  oscillation  which  enables  sufficient  cavity  wall  to  be 
removed  for  air  to  pass  through  freely  (see  ref.  1).  These  cavities  are  normally  made  of  invar  to  minimise 
effects  of  thermal  expansion. 

Two  types  of  microwave  refractoraeters  were  described  in  1950,  one  by  Crain  [2J  ,  the  other  by  Birnbaum 
[3].  Both  ref  ractometers  operated  at  X-band,  and  in  each  case  resonance  frequency  of  the  sample  cavity  was 
compared  to  that  of  a  reference  cavity.  The  Crain  ref ractometer  used  the  cavities  to  control  the 
frequencies  of  two  oscillators,  which  when  mixed  produced  a  difference  frequency  linearly  related  to  the 
difference  between  the  values  of  refractive  Index  of  the  air  In  the  two  cavities.  The  Birnbaum 
refractometer  used  a  linear  frequency  sweep  of  a  microwave  source  to  determine  the  frequency  difference 
between  the  two  cavities.  The  two  systems  have  been  used  extensively  in  aircraft. 

Some  work  has  also  been  carried  out  using  balloon-borne  ref ractometers.  For  instance,  a  lightweight 
Birnbaum-type  battery-operated  version  was  described  by  Steffen  [4J  which  had  a  maximum  er  or  of  about  5  N 
units,  though  the  short-term  error  was  put  as  low  as  0.05  N  units.  Another  battery-operated  Birnbaum-type 
refractometer,  a  development  of  that  described  by  Fowler,  Champion  and  Tyler  [ 5)  ,  was  used  with  up  to  four 
sampling  cavities  (each  referred  to  a  reference  cavity)  to  examine  spatial  variability  of  refractive  index. 
The  system  had  a  short-term  error  of  less  than  0.1  N  unit  and  enabled  examination  of  spectral  frequencies  up 
to  30  Hz,  Specialised  radiosondes  have  also  been  developed  for  tropospheric  studies  [6]  . 


The  first  specific  requirement  for  the  present  refractometer  is  to  examine  changes  of  refractive  index 
with  height  (and  the  way  in  which  these  change  with  distance)  on  a  33  km  line-of-slght  path  on  which 
multipath  studies  are  being  made  at  19  GHz.  Horizontally-stratified  regions  of  particularly  high  refractive 
index  lapse  rate  (t.e.  large  decrease  with  height)  may  cause  not  only  the  direct  'ray'  to  be  received,  but 
also  an  indirect  'ray'  of  different  phase.  In  communication  systems,  where  a  finite  bandwidth  is  necessary 
to  carry  a  given  information  rate,  the  fading  caused  by  this  anomalous  effect  is  quite  serious,  particularly 
as  the  fading  pattern  is  frequency  sensitive.  Digital  systems  tend  to  suffer  more  seriously  thsn  FM 
systems,  as  the  information  content  of  a  digital  system  tends  to  he  carried  at  certain  discrete  frequencies 
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A  second  requirement  is  to  support  studies  of  transhorizon  interference.  Layering  at  heights  above 
those  affecting  line-of-sight  links  can  cause  interference  over  large  distances  .  Layers  typically  between 
1  and  2  km  refract  transmissions  back  towards  the  earth,  thus  overcoming  the  natural  shielding  due  to  the 
earth '8  curvature,  which  normally  stops  interference  between  geographically  separated  transmitters  operating 
in  the  same  frequency  band. 

The  performance  requirement  for  the  refractoraeter  depends  to  some  extent  on  the  way  in  which  it  is 
deployed.  Before  embarking  on  developing  an  aircraft -mounted  ref ractometer,  a  study  was  made  of  deployment 
alternatives.  Free-flight  balloons  with  low-cost  semi-expendable  radiosondes  would  have  been  inadequately 
sensitive,  and  require  excessive  manpower  for  frequent  soundings  with  time  and  distance.  Tethered  balloons 
would  have  been  impractical  for  measuring  variations  with  distance.  A  remotely  piloted  vehicle  was 
considered  to  be  more  difficult  to  control  than  an  aircraft,  and  more  expensive,  as  well  as  being  less 
acceptable  to  air  traffic  control  or  the  public  at  large.  Having  decided  on  a  suitable  aircraft  and 
assuming  a  maximum  rate  of  climb  or  descent  of  about  3  m/s,  a  data  sampling  rate  of  30/s  was  considered 
adequate.  (The  airspeed  is  about  40  m/s  (80  kts)  during  measurements. )  A  sensitivity  of  about  0.1  N  was 
sought  (i.e.  about  that  observed  over  2.5  m  height  with  40  N/km  lapse  rate).  It  was  expected  that  there 

would  be  a  need  to  accept  some  zero  drift  (if  only  due  to  temperature  changes  in  the  sampling  cavity),  but 

to  make  periodic  checks  of  absolute  level  (of  N)  using  an  aircraft  psychrometer  when  in  well  mixed  air 
conditions.  (Accuracy  of  0.1°C  in  both  wet  and  dry  bulb  readings  would  give  errors  of  0.7  N  from  the  wet 
bulb  and  0.4  N  from  the  dry  [6]). 

2.  THE  REFRACTOMETER 

The  ref ractometer  is  shown  in  block  diagraraatic  form  in  Figure  1,  together  with  a  diagram  of  the 
sampling  cavity.  The  latter  is  of  41.5  mm  internal  diameter  and  similar  length,  with  ends  In  the  form  of 
annular  tubes.  The  cavity  is  made  of  invar,  and  gold  plated  to  resist  surface  erosion  by  the  atmosphere. 
Such  cavities  have  been  described  earlier  [5].  As  in  the  earlier  work,  the  present  cavity  resonates  In  the 

TEqh  mode  at  9.45  GHz  with  a  Q  of  7000.  Energy  is  coupled  between  waveguide  stubs  and  the  cavity  by 

diametrically  opposite  holes  In  the  cavity  walls.  The  figure  also  shows  the  wavegulde-to-coaxial 
transformers. 


GaAs  FET  amp 


TE011  mode 
Frequency  :  9  45  GHz 


Figure  1.  Ref ractometer  block  diagram  and  cavity.  Inside  diameter  of  cavity  is  41.5  mm 


The  annular-tube  end  plates  are  placed  at  what  would  be  the  ring  of  maximum  current  in  a  continuous 
wall  plate,  and  the  diameter  of  the  tube  Is  such  that  propagation  within  it  is  highly  evanescent.  By  this 
means  92%  of  the  cavity  end  plates  have  been  removed.  As  is  apparent  from  the  high  Q  value,  coupling 
through  the  end  plates  is  minimal,  and  objects  can  be  brought  close  to  these  plates  without  affecting  the 
frequency  of  resonance,  i.e.  the  sampling  is  of  air  within  the  cavity  only. 

The  refractoraeter  is  based  on  a  GaAs  FET  amplifier  operating  in  a  positive  feedback  loop  at  the 

resonant  frequency  of  the  sampling  cavity.  For  the  nominal  cavity  resonance  frequency  of  9.45  GHz,  a  change 

of  l  N  unit  is  indicated  by  a  change  in  frequency  of  9.45  kHz.  Consequently,  to  accommodate  changes  of 
400  N  units,  the  components  must  have  a  bandwidth  of  about  4  MHz.  In  normal  operation  the  amplifier  has  a 
gain  of  18  dB,  but  in  the  ref ractometer  it  is  run  near  saturation  with  an  output  power  of  +16  dBm. 

Attenuation  in  the  feedback  loop  is  10,5  dB.  The  sensitivity  of  the  frequency  counter  Is  -30  dBm,  and  it  Is 

situated  at  the  end  of  a  cable  having  20  dB  lo9s.  The  isolators  at  the  amplifier  terminals  attenuate  any 
reflected  power  by  20  dB,  thus  minimising  any  mismatch  Introduced  through  the  directional  coupler  and  the 
phase  shifter.  Apart  from  the  waveguide  couplings  to  the  cavity,  all  other  connections  are  coaxial.  The 
current  requirement  is  100  mA  at  a  nominal  12  v.  A  voltage  regulator  in  the  FET  amplifier  package  ensures 
that  neither  the  frequency  nor  the  power  output  of  the  ref ractometer  is  sensitive  to  supply  voltage  changes 
down  to  8.5  v. 

The  two  230  mm  long  coaxial  cables  connecting  the  sampling  cavity  to  the  other  refractoraeter 
components  were  chosen  In  preference  to  semi-rigid  cable  due  to  their  phase  stability  with  both  temperature 
and  flexing.  Waveguides  were  rejected  because  of  their  bulk,  vibrational  problems  and  complexity  of  avoiding 
condensation.  Noise  on  the  ref ractometer  output  has  proved  no  more  during  flight  or  ground  movements  than  is 
encountered  in  the  laboratory  (i.e.  less  than  0.1  V  unit). 


As  the  ref ractometer  is  sensitive  to  changes  in  humidity,  temperature  and  atmospheric  pressure  Initial 
tests  were  done  with  the  whole  instrument  mounted  in  a  tank  of  dry  nitrogen  for  which  the  temperature  and 
pressure  could  be  varied.  Under  constant  conditions,  the  stability  (over  several  minutes)  was  found  to  be  1 
part  in  10®,  l.e.  0.01  N  unit.  Changing  the  pressure  of  the  nitrogen  (at  a  constant  temperature) 
confirmed  (within  experimental  error)  the  linear  9.45  kHz/N  unit  relationship  Indicated  from  equations 
(1)  and  (2). 

By  varying  the  temperature  (at  a  constant  pressure)  a  temperature  coefficient  of  0.72  N  unlt/°C  was 
found  after  subtracting  the  effect  of  the  refractive  index  of  nitrogen.  Consideration  of  the  temperature 
coefficients  of  the  feedback  loop  and  of  the  cavity  showed  that  0.2  N  unlts/°C  are  due  to  the  former,  and 
0.4  N  units/°C  to  the  latter.  In  due  course,  it  Is  intended  to  record  the  temperature  of  the  sampling 
cavity  and  that  of  the  other  components  in  order  to  apply  suitable  corrections  to  the  measured  frequency. 
This  will  enable  absolute  refractive  index  to  be  obtained.  In  the  meantime,  useful  relative  refractive 
index  measurements  are  made  when  the  aircraft  passes  through  atmospheric  layers,  since  the  temperature 
change  of  the  sampling  cavity  and  other  elements  is  relatively  slow. 

3.  AIRCRAFT  USE 

For  the  research  objectives  discussed  in  the  Introduction,  the  ref ractometer  has  been  mounted  on  a 
Cessna  175  aircraft  in  the  manner  indicated  in  Figure  2.  It  is  3.6  m  from  the  centre  of  the  2.1  m  diameter 
propeller.  The  front  of  the  cavity  leads  the  wing  by  50  mm  and  its  centre  line  is  150  mm  below  the  wing.  It 
is  held  rigidly  by  a  stiff  mounting  plate  and  aligned  to  the  air  flow  direction.  The  remainder  of  the 
ref ractometer  components  are  mounted  on  this  plate  inside  an  aerodynamic  pod  which  extends  from  the  wing  to 
within  30  mm  of  the  sampling  cavity.  The  waveguide-to-coaxial  transformers  present  minimum  air  disturbance, 
indeed,  the  mounting  is  considered  to  give  optimum  sampling  of  undisturbed  air.  Including  the  other 
ref ractometer  components  inside  the  pod  shields  them  from  rapid  temperature  changes,  wind  pressure  and 
precipitation.  Ambient  air  temperature  is  not  expected  to  change  by  more  than  some  3  to  5°C  within  a 
500  m  height  interval  during  a  sequence  of  measurements. 


Figure  2.  Ref ractometer  mounting 
on  Cessna  175  aircraft. 


A  block  diagram  of  the  airborne  data-processing  equipment  is  shown  in  Figure  3.  The  system  is  based 
on  an  EXORset  33  microcomputer,  which  comprises  a  central  processor,  memory,  input/output  cards,  power 
supplies,  visual  display  unit,  twin  floppy-disk  handlers  and  keyboard.  The  frequency  counter  enables  data 
to  be  recorded  at  24  readings  per  second  with  100  Hz  (0.01  N)  resolution.  The  sensor  interface  allows  air 
temperature  to  be  recorded,  and  a  further  15  channels  are  available  for  future  sensors  (e.g.  thermometers 
on  the  sampling  cavity  and  other  ref ractometer  components,  and  an  airborne  psychrometer ) .  The  encoding 
altimeter  is  an  optically-encoded  aneroid  barometer,  from  which  a  binary  code  has  been  derived  for 
recording.  The  instrument  signals  altitude  increments  every  30  m  against  the  standard  airways  setting  of 
1013.2  mB,  The  power  inverter  can  provide  up  to  500  W  of  50  Hz  power  from  the  aircraft  14  V  alternator. 
The  power  consumption  of  the  computer  and  frequency  counter  amounts  to  some  300  W. 


It  is  intended  that  additional  navigational  parameters  be  mounted  in  due  course.  On-board  processing 
of  data  will  be  undertaken  displaying  to  the  operator  the  height  at  which  distinct  temperature  and 
refractive  Index  changes  occur. 
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4.  SAMPLE  RESULTS 

Figure  4  shows  relative  refractive  index,  N  and  temperature  as  a  function  of  aircraft  height  during  a 
descent  at  110  m/min  (curve  'a',  1609  to  1611  GMT)  and  an  ascent  at  150  m/min  (curve  'b',  1612  to  1614  GMT) 
on  13th  October  1982.  The  horizontal  separation  of  the  two  data  sets  was  about  8  km.  Profiles  of  mean 
lapse  rate  for  temperate  regions  (40  N/km)  and  dry  adiabatic  lapse  rate  of  10°C/km  are  shown  for 
comparison.  Curve  'a'  shows  a  marked  temperature  inversion  of  10°C/km  (increase  with  height)  between  880  m 
and  930  m  whilst  the  rate  of  change  of  refractive  index  averages  212  N/km  in  this  region.  (It  is 
considerably  more  than  this  wihtin  a  narrow  height  interval.)  Curve  'b*  shows  a  refractive  index  lapse  rate 
nearly  as  large  as  this  but  without  a  temperature  inversion,  in  a  height  interval  lower  than  that  in  'a'. 
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Figure  4.  Descent  (curve  'a')  and  ascent  (curve  ’ b ' )  on  1 3th  October  1982. 


Figure  5  shows  an  example  of  a  layer  observed  with  the  full  resolution  of  the  data  acquisition  system 
(24  frequency  readings  per  second),  on  31st  August  1983.  The  region  of  high  refractive  index  lapse  rate 
(6.1  N  units  over  a  7  m  height  i.e.  871  N/km)  occurs  with  regions  of  approximately  40  N/km  above  and  below. 
Ac  1350  m,  a  change  of  about  3  N  units  occurs  within  1  m  height.  Over  very  narrow  height  intervals  much 
larger  lapse  rates  (positive  and  negative)  are  observed  but  these  may  not  have  horizontal  continuity.  It  is 
noteworthy  that  temperature  (available  only  once  per  second)  does  not  show  any  marked  change  with  height. 
During  these  measurements  the  aircraft  was  descending  at  150  m/min  in  clear  air.  On  the  rare  occasion  when 
it  was  necessary  to  fly  through  cloud,  condensation  in  the  cavity  produced  very  large  changes  in  apparent 
refractive  index  but  these  were  easily  discernable  from  clear  air  events.  Experience  has  shown  that  it  is 
easier  to  maintain  a  consistently  uniform  rate  while  descending  and  altimeter  hysteresis  is  avoided  by 
recording  during  descents  only. 
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Figure  5.  Microstructure  of  an  atmospheric  layer  on  31st  August  1983. 
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CONCLUSIONS 


The  use  of  a  GaAs  FET  amplifier  in  a  feedback  loop  containing  a  resonant  cavity  has  produced  a  compact 
and  lightweight  ref ractoraeter  operating  at  X-band.  Recording  is  by  way  of  a  frequency  counter,  a 
microcomputer  and  floppy-disc.  The  system  has  been  Installed  in  a  light  aircraft  and  used  to  produce 
preliminary  data.  This  has  shown  the  microstructcre  of  refractive  index  changes  within  atmospheric  layers, 
although  the  full  potential  is  yet  to  be  realised.  Future  developments  should  give  refractive  index  values 
in  absolute  units  rather  than  relative  to  an  arbitrary  zero  and  an  on-board  display  of  the  height  at  which 
distinct  changes  of  air  temperature  or  refractive  index  occur. 
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DISCUSSION 


K.O.  Anderson  ( U • S • ) :  On  your  Figure  5,  you  show  a  very  large  refractivity  gradient,  but  the  temperature 
profile  does  not  indicate  any  inversion.  Is  there  a  reason  for  this? 

M.P.M.  Hall  (U.K.):  We  too  were  a  little  surprised  by  the  lack  of  temperature  change.  However,  a  large 
refractive  index  decrease  can  be  caused  by  various  meteorological  mechanisms,  and  need  not  always  be 
accompanied  by  a  temperature  inversion.  Hall  and  Comer  (Proceedings  of  the  IEE,  116,  pp  685_690,  May  1969) 
examined  488  special  soundings  of  temperature  and  humidity  with  measurements  made  each  75  m  up  to 
1200  m.  Taking  the  height  interval  of  largest  refractive  index  lapse  rate  (most  negative  gradient),  the 
median  contribution  for  temperature  alone  was  0  N/km  (i.e.,  no  temperature  change  with  height  as  median 
condition),  whilst  that  due  to  humidity  was  53  N/km.  For  layers  of  lapse-rate  qreater  than  120  N/km, 
the  figures  became  14  and  127  N/km  respectively,  but  the  temperature  increased  with  height  (positive 
contribution  to  refractive  index  lapse  rate)  for  only  about  85%  of  occasions. 

S.G.  Gathman  (U.S.):  What  is  the  effect  of  hydrometeors  on  the  performance  of  the  device?  Can  these 
effects  be  distinguished  from  normal  operation? 

M.P.M.  Hall  (U.K.):  Water  on  the  cavity  walls,  either  by  condensation  or  by  precipitation,  causes  a  major 
shift  in  the  resonant  frequency  of  the  sampling  cavity,  and  is  very  clearly  d l st 1 nqu i shed  from  changes  in  the 
refractive  index  of  the  air.  Drying  of  the  cavity  surface  is  rapid  on  the  airborne  ref ractometer  once 
one  flies  out  of  the  source  of  water.  Our  measurements  are  of  clear  air  events,  and  we  normally  avoid 
clouds. 

W.G.  Burrows  (U.K.):  I  would  like  to  enquire  whether  the 
tunnel  studies.  The  structure  at  the  front  of  the  cavity 
the  air  flows  through  the  cavity  at  different  air  speeds, 
therefore  errors  in  refractivity  values. 

M.P.M.  Hall  (U.K.):  A  study  of  an  earlier  ref ractometer  by  Bussey  and  Birnbaum  (Journal  Res.  NBS,  vol  51, 
1953) >  using  a  cavity  with  only  30%  of  the  end  plates  removed  and  placed  in  a  wind  tunnel  with  air  speeds 
up  to  270  km/hour,  showed  the  experimental  error  due  to  air  density  change  within  the  cavity  to  be  less 
than  0.5  to  1.0  N  unit.  Land,  Froome,  and  McConnell  (Proc.  IEE,  vol  108B,  p  398,  1961),  with  60  to  70%  of 
the  cavity  end  plates  removed,  found  that  wind  speeds  up  to  400  km/hour  had  negligible  effect  on 
measured  refractive  index.  No  measurement  has  been  made  on  the  present  cavity,  which  has  92%  of  the 
end  plates  removed.  Stagnation  of  the  air  within  the  cavity  may  be  a  problem  with  certain  balloon-borne 
devices,  but  not  for  those  mounted  on  an  aircraft. 

R.  G.  Blake  (U.K.):  Since  many  of  the  refractive  index  variations  affecting  LOS  microwave  links  occur 
as  the  result  of  radiation  night  cooling  and  at  lower  altitudes  than  that  appearing  as  an  example  in  your 
paper,  would  not  the  airborne  equipment  have  limited  use  in  these  situations? 

For  elevated  daytime  ducts  causing  trans-horizon  propagation  interference,  then  this  instrument 
should  be  invaluable. 


ref ractometer  head  has  been  subjected  to  wind 
could  conceivably  give  rise  to  inequalities  in 
e.g.,  stagnation,  pressure  points,  etc.,  and 


M.P.M.  Hall  (U.K.):  Fortunately,  the  "low-level"  events,  described  in  the  first  part  of  your  comment, 
persist  until  they  are  destroyed  by  solar  heating  about  mid  morning.  We  are  not  seeking  refractive  index 
data  on  a  statistical  basis,  but  for  case  studies,  and  will  not  fly  our  ref ractometer  at  night. 


Prttuicnu"  OF  MULTIPATH  FADING  ON  TERRESTRIAL  MICROWAVE  LINKS 
AT  FREQUENCIES  OF  11  GHz  ANU  GREATER 

By 

Douglass  U.  Crombie 

National  Telecommunications  and  Information  Administration 
U.S.  Department  of  Commerce 
Boulder,  Colorado  B0303 
United  States  of  America 


10-1 


\l 


SUMMARY 


Puolished  data  on  the  proBability  of  multipath  fading  on  different  paths  with  lenyths  up  to  45  kn,  at 
frequencies  up  to  37  GHz,  measured  in  different  countries,  have  been  analyzed.  For  the  paths  which  have 
probabilities  yreater  than  v~lQ-u%' for  20  dB  fades,  it  is  found  that  the  fadiny  probability  increases 
with  antenna  beam  width.  In  addition,  it  is  found  that  increasing  the  clearance  of  the  path  above 
surroundiny  terrain  reduces  the  fadiny  probability.  Inclusion  of  these  two  variables,  in  addition  to 
frequency  and  path  length,  reduces  the  uncertainty  in  prediction  of  fading  probability  by  a  factor  of  80. 

1.  1NTKUUUCTI0N 


Traditionally,  microwave  communication  links  suffer  from  two  major  causes  of  signal  loss  leading  to 
unreliable  operation:  attenuation  caused  By  precipitation,  and  destructive  interference  between  the 
direct  ray  and  other  rays  originating  from  ground  reflection  or  in  the  atmosphere.  The  latter,  commonly 
called  multipath  fadiny,  is  the  subject  of  this  paper. 

Un  narrow  band  links  (those  for  which  the  bandwidth  is  much  less  than  the  reciprocal  of  the  delay  between 
multipath  components)  the  effects  of  multipatn  fading  is  simply  to  cause  reduction  of  signal  strength  or 
deterioration  of  signal -to-noi se  ratio.  Such  problems  can,  in  principle,  be  overcome  by  increasing 
transmitter  power,  or  by  using  space  or  frequency  diversity.  On  wider  bandwidth  links  the  effects  of 
multipath  are  more  complicated.  Destructive  interference  can  occur  in  different  parts  of  the  signal 
spectrum,  giving  rise  to  selective  fading.  In  systems  using  analog  modulation  [1,2],  selective  fading 
causes  distortion  which  in  turn  causes  intermodulation  noise.  With  digital  modulation  [3,4]  the 
multipath  provides  echoes  of  the  wanted  signal  which  in  turn  causes  intersymbol  interference.  In  neither 
case  can  selective  fading  be  overcome  by  increasing  transmitter  power. 

Barnett  [5]  and  Kuthroff  [6]  developed  a  widely  used  model  for  predicting  the  probability  of  multipath 
fading  as  a  function  of  path  length  and  frequency,  modi f ications  of  which  have  been  adopted  by  the  CC1R 
[7]. 


In  the  CCI K  model , 
yiven  by 


for  fades  greater  than  15  dB,  the  probability  P(— ),  of  a  Signal 

wo 

P(“_)  =  dB  fc 


level 


less  than  w  is 

U) 


where 


d  *  path  length  (km) 
f  *  frequency  (GHz) 

K  «  climate  factor 

Q  =  terrain  factor 

w  =  received  signal  power 

wQ  =  received  power  in  non-fading  conditions. 


The  formula  may  not  be  applicable  for  very  small  values  of  d. 


Many  values  of  B,  C,  K  and  Q  have  been  proposed  for  application  in  various  parts  of  the  world  [7].  These 
values  have  been  determined  from  analysis  of  empirical  data.  For  example,  values  of  C  range  from  0.85  to 
1.5;  and  of  B.  from  2.0  to  3.5.  Values  of  the  product  K.Q  show  greater  variability,  and  different  func¬ 
tional  forms  have  been  used.  In  some  cases,  K.Q  Is  identified  as  being  dependent  on  the  standard  devia¬ 
tion  of  the  elevation  of  the  terrain  between  antennas  (measured  at  1  km  intervals).  In  other  cases,  K.Q 
is  a  function  of  the  RMS  value  of  the  terrain  slopes  (in  mi  1 1 i -radi ans )  measured  at  1  km  intervals  along 
the  path.  Additionally,  K.Q  has  been  expressed  as  a  function  of  antenna  heights.  Finally,  some  workers 
use  empirical  numerical  values  of  K.Q  which  depend  on  the  nature  of  the  terrain  and  climate  alone. 


Most  of  the  empirical  data  used  in  defining  B,  C  and  K.Q  have  been  obtained  at  frequencies  of  11  GHz  or 
less.  In  the  present  work,  the  objective  is  to  obtain  a  formula  such  as  that  shown  in  Eq.(l)  which  is 
applicable  to  frequencies  of  about  11  GHz  or  higher.  In  addition,  because  of  the  great  variability  of 
the  values  suggested  for  the  coefficients  K  and  Q,  the  possibility  of  eliminating  them  is  examined. 
Specifically,  the  effects  of  antenna  beamwidth  and  of  physical  clearance  of  the  center  of  the  path  above 
the  ground  are  investigated,  in  addition  to  the  effects  of  path  length  and  frequency. 

Thus  a  formula  analogous  to  Eq.(l)  of  the  form 

P(*L)  =  A(*L)  dB  fc  0U  hE  (2) 

wo  wo 


is  sought,  where  A,  D,  E  are  constants,  9  is  a  measure  of  antenna  beamwidths,  and  h  is  the  estimated 
height  above  the  intervening  terrain  at  the  center  of  the  path.  The  other  symbols  have  the  same  meaning 
as  in  Eq.(l). 
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2.  DATA  US£U  FOR  ANALYSIS 

Data  used  in  this  analysis  hdve  been  obtdined  from  severdl  sources.  The  primary  source  is  work  of  the 
British  Post  Office  [8]  which  contdins  d  very  comprehensive  set  of  long  durdtion  measurements  at 
frequencies  between  ~11  GHz  and  37  GHz  over  path  lengths  ranging  from  4  km  to  58  km.  In  addition, 
earlier  data  obtained  by  the  British  Post  Uffice  on  11  GHz  on  two  other  paths  has  been  used  [11]. 
Additional  data  obtained  in  the  U.S.A.  [5],  Denmark  [9],  and  Japan  [10]  have  also  been  used.  Criteria 
used  in  selection  of  the  data  for  analysis  are: 

1.  Frequency  of  11  GHz  or  greater. 

2.  Antenna  beamwidths  known  or  obtainable. 

3.  A  measurable  probability  (  ~10"^%)  for  the  worst  month  of  fades  20  dB. 

4.  Duration  of  measurements  of  at  least  one  month. 

5.  No  evidence  that  the  terrain  clearance  would  be  less  than  0.577  Fresnel  Zones  when  the  effective 
earth  radius  factor  k  was  2/3. 

6.  Availability  of  path  profiles. 

The  limited  available  data  believed  to  meet  most  of  these  criteria  are  listed  in  Table  I.  For  some 
paths,  all  the  criteria  were  not  met.  But,  because  of  the  need  to  maximize  the  data  base  for  increasing 
the  significance  of  the  results,  this  data  has  been  used  for  restricted  models.  (However,  data  for  three 
paths  [8,11]  were  omitted  because  the  fading  depth  did  not  reach  20  dB  during  the  measurements.)  The 
columns  of  Table  I  contain  the  path  number,  path  description,  the  %  probability  of  fades  of  20  dB  or 
more,  P(.Ol),  for  the  worst  month;  the  path  length,  d(km);  the  nominal  frequency,  f,  in  GHz;  the  nominal 
beamwidths,  f* ,  in  mR  together  with  their  geometric  mean  when  not  equal;  the  estimated  path  clearance, 
h(m),  at  the  center  of  the  path;  the  duration  of  the  measurements  (months);  and,  finally,  reference  to 
the  source  of  the  data. 


Table  1.  Characteristics  of  Propagation  Paths  Used 


Path 


P(.Ol)  d 
Probabi 1  ity 
of  Path 
Fades  Length 


Nomi nal 
Frequency 


Nomi nal 
Beamwidths 


Estimated 

Path 

Cl  earance 


Duration 

of  Reference 
Measurement 


Number  Path  >, 

20  dB 

(km) 

(GHz) 

(mR) 

(m) 

(months) 

1. 

Crowfield-Mendlesham  (UK) 

0.U4 

7.5 

10.95 

T/R 

58/58 

30 

37 

(8) 

2. 

Crowfield-Mendlesham  (UK) 

0.035 

7.5 

19.65 

32/32 

30 

50 

(8) 

3. 

Crowfield-Mendlesham  (UK) 

0.011 

7.5 

36.3 

17/17 

30 

43 

(8) 

4. 

Somersham-Mendlesham  (UK) 

0.05 

16.6 

11.65 

36/36 

40 

37 

(8) 

5. 

Somersham-Mendlesham  (UK) 

0.10 

16.6 

20.3 

16/16 

40 

37 

(8) 

6. 

Somersham-Mendlesham  (UK) 

0.06 

16.6 

37.0 

17/17 

45 

34 

(8) 

7. 

Martlesham-Mendlesham(UK) 

0.25 

22.8 

20.95 

15/15 

35 

45 

(8) 

8. 

Forder  Battery-Caradon  Hi  11 (UK) 

0.0008 

26.4 

10.92 

8. 7/8. 7 

160 

41 

(8) 

9. 

Dalton-Quermnore  (UK) 

0.005 

31.7 

10.84 

8. 7/8. 7 

130 

33 

(8) 

10. 

Tinshil 1-Stil li ngfleet  (UK) 

0.008 

34.9 

10.84 

8.7/5. 8  (7.1) 

63 

34 

(8) 

11. 

Stillingfleet-Cavewold  (UK) 

0.04 

36.2 

11.37 

5.8/8. 7  (7.1) 

80 

34 

(8) 

12. 

Copenhagen  (Denmark) 

0.5 

44.7 

14.25 

2 1.8/21.8 

32 

12 

(9) 

13. 

Pleasant  Lake-West  Unity  (USA) 

0.69 

45.9 

11 

20.9/20.9 

40 

2.3 

(4) 

14. 

Shi royoma-Kosuzumel  (Japan) 

0.008 

35.6 

11 

8. 4/8. 4 

? 

-1 

(10) 

15. 

Shi royoma-Kosuzumel  (Japan) 

0.033 

35.6 

18.0 

9. 4/9. 4 

7 

~1 

(10) 

16. 

Purdown-Pen  Hill  (UK) 

0.01 

27.8 

10.92 

13/13 

7 

31 

(8) 

17. 

Sibleys-Kelvedon  Hatch  (UK) 

0.10 

31.0 

11 

6/6 

30 

12? 

(11) 

18. 

Greenmore  Hi  11 -Dollis  Hill  (UK) 

0.30 

58.0 

11 

6/6 

30 

12? 

(11) 

3.  ANALYSIS  OF  DATA 

As  discussed  above,  there  is  a  wide  range  of  possible  values  for  the  coefficient  K.Q  of  Eq.(l),  depending 
on  geographic  location.  Because  of  this,  and  because  the  available  data  given  in  Table  I  covers  a  wide 
range  of  geographic  locations,  by  choice,  an  attempt  was  made  to  fit  a  limited  equation  of  the  type  shown 
in  Eq.(l)  to  the  data  using  linear  regression.  Equation  1  can  be  written  as: 

log  P(—)  =  log  A'  +  log  (w/wQ)  +  B  log  d  +  C  log  f  , 

wo 

where  the  logs  are  base  10.  The  multipath  fading  probabilities  shown  in  Table  I  are  for  fades  equal  to 
or  greater  than  20  dB.  Thus,  log  (w/wQ)  is  a  constant  {=  -2),  and  A1  is  a  constant  representing  the 
effective  value  of  K.Q  in  (1)  for  all  paths  used.  The  terms  in  A  and  w/w0  can  then  be  lumped  together 
with: 

log  A  =  log  A'  +  log  (w/wQ), 
log  P(.Ol)  =  log  A  +  8  log  d  +  C  log  f. 


giving: 


(3) 


JM 


T 


The  data  shown  in  Table  !  have  been  analyzed  in  three  groups.  The  first  group  contains  all  the  data. 
Information  about  the  physical  path  clearances  are  missing  for  paths  14-lb.  Thus,  the  analysis  is 
confined  to  the  effects  of  path  length,  frequency  and  beamwidth,  and  is  discussed  in  Sect.  3.1.  and 

3.2.  All  the  paths  in  this  group,  except  two  (i.e.,  17  and  18)  are  believed  to  meet  criterion  number  2 
of  Sect.  2.  As  a  result,  a  further  analysis  is  made  in  Sect.  3.3.  of  the  remaining  16  paths.  Finally, 
analysis  is  made  in  Sect.  3.4.  of  the  group  of  data  (paths  1-13  together  with  17  and  18)  for  which  the 
physical  clearance  can  be  estimated.  In  that  analysis  the  effects  of  path  clearance  are  included. 

3.1.  Effects  of  Path  Length  and  Frequency  (All  Paths) 


Using  the  data  shown  in  the  first  3  numerical  columns 
following  values  for  A,  B,  C. 

Table  11.  Regression  Results 

Coefficient 
Aj  =  -4.424 
B1  =  1.U45 

Cj  =  1.351 


of  Table  1,  the  linear  regression  fit  yields  the 

-  All  Paths,  d,  f  (Model  1) 
t 

Fi  =  0.978 

1.31  Si  =  0.766 

1.11  Rj2  =  0.115 


where  t  and  F  are  Student's  t  and  the  variance  ratio  statistics,  respecti vely,  and  R  is  the  multiple 
correlation  coefficient.  The  fraction  of  the  variation  of  log  P(.01),  which  is  due  to  regression,  is 
equal  to  R2.  Because  there  are  2  independent  variables  and  15  degrees  of  freedom,  the  critical  values  of 
t  and  F  for  a  5%  significance  level  are  2.13  and  3.68,  respectively.  Thus  the  regression  is  meaningless 
and  the  observed  data  cannot  be  represented  by  a  model  of  the  type  shown  in  Eq.(l).  A  comparison  between 
the  predicted  and  measured  fading  probability  is  shown  in  Fig.  la. 

In  addition  to  the  use  of  the  F  statistic,  a  convenient  means  of  visualizing  the  goodness  of  fit  of  the 
regression  surface  to  the  data  is  the  standard  error,  s,  given  by: 

s  =  v'V  (Pj  -  Mj)2/(n  -  k  -  1)  , 

T  1  1 

where  and  P^  are  the  measured  values  and  the  predicted  values  of  log  P(w)  for  the  ith  path,  n  is  the 
number  of  paths  and  k  is  the  number  of  independent  variables.  With  a  large  sample  in  which  the 
residuals,  P^  -  Mj ,  are  normally  distributed,  about  95%  of  the  residuals  will  lie  within  t  2s  of  the 
regression  surface  (measured  in  the  P  direction).  Accordingly,  the  values  of  s  are  given  for  this  and 
subsequent  calculations,  and  are  shown  in  the  relevant  figures. 

3.2.  Effects  of  Antenna  Beamwidth 

In  view  of  the  inadequacy  of  using  only  path  length  and  frequency,  the  effects  of  including  antenna 
beamwidth  were  investigated.  The  beamwidths  of  the  antennas  used  on  the  various  paths  are  listed  in 
Table  I  for  both  antennas  on  each  path.  For  analysis,  the  geometric  mean  of  the  two  beamwidths  was  used 
for  the  0  term  of  the  new  regression  equation 

1  og  P  (*_)  =  logA  +  Blogd  +  Clogf  +  Dloge  ,  (41 

wo 


where  9  =  .  9  R 


The  regression  analysis  yielded  the  results  shown  in  Table  III. 


Table  III. 

Regression  Results  -  All  Paths, 

d,  f,  b  (Model  2) 

Coef f ici ent 

t 

A2  =  -10.162 

B2  =  2.846 

3.32 

f2  = 

4.29 

C2  =  1.939 

1.97 

s2  = 

0.608 

U2  =  2.264 

3.12 

r2z  = 

0.479 

With  3  independent  variables  and  18  data  sets,  there  are  14  degrees  of  freedom.  Thus,  at  the  5% 
significance  level,  the  critical  value  of  t  is  2.145  and  of  F,  3.34.  Thus  the  overall  regression  is 
quite  significant  (because  F2  >  3-34)  even  though  the  significance  of  the  frequency  coefficient  is 
marginal. 

3.3.  Analysis  for  Paths  with  Adequate  Fresnel  Zone  Clearance 

The  data  analyzed  in  the  previous  Section  contain  two  paths  [11]  for  which  the  Fresnel  Zone  clearance 
(criterion  No.  5  of  Section  2)  may  not  always  be  achieved,  although  the  physical  clearance  is  known. 
Deletion  of  these  paths  yields  a  model  for  predicting  the  fading  probability  of  paths  with  adequate 
Fresnel  Zone  clearance.  Analysis  of  the  remaining  data  leads  to  the  new  set  of  coefficients  shown  in 
Table  IV.  The  fit  has  been  improved  by  deleting  the  data  f or  the  two  inconsistent  paths  as  can  be  seen 
from  comparing  Tables  III  and  IV  and  Figures  1  and  2. 


Coefficients 

t 

A3  *  -12.230 

83  =  3.096 

4.88 

F3  =  11.78 

C3  =  2.454 

3.42 

s3  =  0.432 

U3  =  3.111 

5.53 

R  2  =  0.747 

3 

In  this  case,  there  are  now  3  independent  variables  and  12  degrees  of  freedom.  At  the  5%  significance 
level,  the  critical  values  of  t  and  F  are  2.179  and  3.49.  Clearly,  as  shown  in  Fig.  2b,  the  correlation 
is  very  marked,  being  significant  at  less  than  the  0.5%  level.  Without  the  beamwidth  term,  the 
regression  analysis  (Fig.  2a)  gives  results  which  are  very  similar  to  those  obtained  for  the  whole  data 
set.  That  is,  there  is  no  statistical ly  meaningful  dependence  of  fading  probability  on  the  path  length 
and  frequency. 

3.4.  Effect  of  Physical  Path  Clearance 

In  view  of  the  apparent  importance  of  Fresnel  Zone  clearance  noted  above,  the  use  of  physical  path 
clearance  in  some  geographical  areas,  and  other  indications  [12],  additional  analysis  using  the  path 
clearance  term  was  done.  In  this  case,  the  variable  used,  h,  was  simply  the  mean  height  of  the  line-of- 
siyht  (assuming  a  4/3  earth  radius)  above  the  terrain  at  the  center  of  the  path.  This  data  was  not 
available  for  paths  14  and  15,  and  the  available  data  for  path  16  was  uncertain.  As  a  result,  these 
three  paths  were  omitted,  leaving  a  total  of  15  paths  and  10  degrees  of  freedom. 

The  new  regression  equation  is  now  of  the  form 

log  P(“_)  =  log  A  +  B  log  d  +  C  log  f  +  D  log  9  +  E  log  h  .  (5) 

wo 


The  results  of  the  analysis  are  shown  in  Table  V  and  in  Fig.  3c 

Table  V.  Paths  with  Known  Clearance,  d,  f,8,  h  (Model  4) 


Coefficients 

t 

A4  =  -2.997 

B4  •  2.487 

5.42 

F4  =  20.18 

C4  =  0.840 

1.49 

s4  =  0.298 

U4  -  1.190 

2.88 

R42  =  0.889 

E4  =  -2.440 

-5.89 

With  four  independent  variables  and  10  degrees  of  freedom,  the  critical  value  of  F  at  the  0.5%  level  is 
7.34.  Because  the  value  calculated  above,  20.18,  is  much  greater  than  this,  the  regression  is  even  more 
significant.  The  statistical  significance  of  each  variable,  except  f,  is  also  high. 

Deletion  of  the  fourth  variable,  h,  gives  the  results  shown  in  Table  VI  and  Fig.  3b. 

Table  VI.  Paths  with  known  Clearance,  d,  f,  9  (Model  5) 

Coefficients  t 


A5  =  -9.988 

B5  =  2.931 

3.21 

F5  ' 

3.78 

O 

k£> 

CO 

*— < 

II 

ir> 

1.72 

s5  “ 

0.635 

U5  =  2.171 

2.84 

R  2  - 

r5  ‘ 

0.507 

In  this  case,  we  have  15  data  sets  and  3  independent  variables  giving  11  degrees  of  freedom.  The 
critical  value  of  F  at  the  5%  level  of  significance  is  then  3.59  and  the  overall  regression  is  thus 
significant  at  this  level.  The  goodness  of  fit  is,  however,  materially  worse  than  that  obtained  when 
clearance  is  included.  Removal  of  the  third  variable,  9  ,  yields  similar  results  to  those  obtained 
previously  -  absence  of  any  significant  correlation,  as  shown  in  Fig.  3a.  Figure  3  also  shows  that 
inclusion  of  0  and  h,  in  the  regression  equation,  reduces  the  range  of  uncertainty  in  the  predictions  by 
a  factor  of  ~80. 


4.  COMPARISON  WITH  OTHER  MEASUREMENTS 


Because  of  the  paucity  of  other  data  meeting  the  requirements,  it  is  somewhat  difficult  to  make  adequate 
comparisons.  Only  two  additional  sources  (13,  14)  of  data  in  the  relevant  frequency  range  have  been 
identified.  Although  adequate  Fresnel  Zone  clearance  apparently  occurs  on  these  paths,  detailed  terrain 
profiles  are  not  provided  and  the  duration  of  observations  is  smaller  than  desired. 
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Measurements  at  ~  1 1  - 5  GH2  on  two  paths  (near  Atlanta,  GA)  of  lengths  42.5  km  and  25.6  km  are  summarized 
by  Lin  [13].  Observations  were  made  for  a  period  of  6  1/2  months  (280800  minutes)  using  antennas  having 
beainwidths  of  ~  13  111R.  Multipath  fadiny  of  depth  20  dB  occurred  for  600  minutes  (0.21%)  and  30  minutes 
(.011%),  respectively  on  the  two  paths.  Because  these  are  total  values  for  the  observation  period,  the 
worst  month  value  is  presumably  larger.  Application  of  Eq . ( 4 )  with  coefficients  from  Table  IV  gives 
P(.01)  =  U.078%  for  the  42.5  km  path  and  0.016%  for  the  shorter  path,  because  the  calculated  values 
should  refer  to  the  "worst  month",  the  agreement  with  the  observed  values  is  quite  good.  The  results  are 
plotted  on  Fig.  2b. 

The  second  set  of  data  is  reported  by  Butler  [14]  for  two  sets  of  frequencies  near  11  and  16.7  GHz  in  the 
vicinity  of  Ottawa,  Canada.  The  path  length  was  16  km  and  the  antenna  beamwidths  were  26.2  mR  and 
34.9  mR,  respectively.  Path  profiles  are  not  described,  but  adequate  Fresnel  Zone  clearance  was 
provided.  Data  covering  a  period  of  153  days  (May  to  September,  1979)  were  reported.  Multipath  fadiny 
of  depth  20  dB  occurred  at  11  GHz  for  ~. 006%  of  the  time  and  at  16.7  GHz  for  ~. 002%  of  the  time.  There 

was  no  apparent  concentration  of  clear-air  fading  in  any  month,  so  that  worst  month  statistics  are  not 
available.  Application  of  Eq.(4),  with  coefficients  from  Table  IV,  give  values  of  P(.01)  =  0.029%  at 
11  GHz  and  0.2%  at  16.7  GHz.  Again,  in  view  of  the  fact  that  the  latter  values  represent  worst  month 
values,  the  agreement  for  11  GHz  is  reasonably  good,  as  can  be  seen  in  Fig.  2b.  But,  at  16.7  GHz,  the 
agreement  is  very  poor. 

Butler  also  made  simultaneous  observations  on  a  similar  path  oriented  in  a  different  direction,  but  with 
its  receiver  at  the  same  location  as  the  receiver  of  the  previously  discussed  path.  For  this  path,  the 
fadiny  probability  was  approximately  an  order  of  magnitude  less  than  for  the  other. 

Clearly,  these  paths  appear  to  be  behaving  in  a  peculiar  manner,  perhaps  because  of  the  rather  small  data 
sampling  period.  Because  the  data  on  the  two  paths  seems  inconsistent,  it  may  not  be  surprising  that 
data  for  the  two  frequency  pairs  on  the  two  paths  are  not  closely  related  to  each  other  or  to  the 
predictions  of  this  paper. 


5.  DISCUSSION 

Apart  from  some  of  Butler's  [14]  results,  the  available  20  dB  multipath  fading  data  seems  to  be  reason¬ 
ably  well  modelled  by  Eq.{4)  or  (5),  with  coefficients  from  Tables  IV  or  V,  respectively.  Because  of  the 
wide  variety  of  locations  in  which  the  data  were  obtained,  it  is  significant  that  this  modelling  appears 
to  be  feasible  without  knowledge  of  climate  or  detailed  knowledge  of  path  terrain.  However,  particularly 
because  of  the  discrepancies  between  some  of  Butler's  data  and  the  predictions  of  this  paper,  it  is  clear 
that  there  is  room  for  improvement.  Inclusion  of  climatic  or  detailed  terrain  information  may  be 
necessary  to  achieve  this  improvement. 

Two  new  variables  are  used  in  this  paper  to  aid  the  prediction  of  multipath  fading  probabilities.  They 
are  (1)  antenna  beamwidth,  and  (2)  clearance  between  the  ray  path  (4/3  earth  radius)  and  the  average 
terrain  in  the  vicinity  of  the  center  of  the  path.  Because  of  the  high  statistical  significance  of  these 
variables  (e.g.,  as  compared  with  that  of  frequency),  it  is  of  interest  to  speculate  about  their  physical 
signi ficance. 

The  role  of  antenna  beamwidth  might  be  explained,  qualitatively  at  least,  if  it  is  assumed  (as  usual) 
that  indirectly  received  signals  scattered  or  reflected  by  atmospheric  layers  interfere  with  the  direct 
signal  to  cause  the  interferences.  If  these  scattered  or  reflected  signals  are  received  over  a  finite 
range  of  angles  comparable  with  the  antenna  beamwidths,  then  the  amplitude  of  the  indirect  component  of 
the  received  signal  will  increase,  on  the  average,  with  beamwidth.  Thus  the  fraction  of  time  for  which 
the  indirect  signal  is  comparable  in  amplitude  with  the  direct  signal  will  also  increase  with 
beamwidth.  Although  Crawford  and  Sharpless  [15]  have  observed  multipath  components  (in  the  vertical 
plane)  as  far  as  13  mR  from  the  direct  ray,  a  greater  angular  spread  than  this  appears  necessary  to 
account  for  the  results  obtained  here.  However,  ground  reflections  cannot  be  ruled  out  because  increased 
antenna  beamwidths  increase  the  illuminated  ground  area  under  the  path. 

The  role  of  path  clearance  is  less  obvious.  Recently,  however,  Schiavone  [16]  has  suggested  that  a  good 
predictor  of  monthly  clear  air  fading  probability  in  one  locality,  at  least  (Palmetto,  Georgia),  is  early 
morning  surface  wind  speed.  Increasing  wind  speeds  reduce  the  probability  of  fading.  It  is  probably 
reasonable  to  assume  that  this  dependence  is  a  result  of  the  removal  by  the  wind  of  the  moisture  and 
temperature  irregularities  causing  reflections.  Now,  it  is  well  known  that  wind  speed  often  increases 
with  height.  Thus,  if  Schiavone's  result  is  applicable  in  other  geographic  regions,  the  frequency  of 
occurrence  of  atmospheric  layers  causing  reflection  should  decrease  with  height.  This  very  qualitative 
argument  may  explain  the  strong  dependence  of  fading  probability  on  path  clearance  exhibited  by  the  data 
used  in  this  paper. 


6.  CONCLUSIONS 

The  analysis  in  this  paper  suggests  that  multipath  fading  probability  (on  terrestrial  paths  at 
frequencies  above  »  11  GHz)  can  be  estimated  without  detailed  knowledge  of  climate  or  terrain.  Such 
estimates  require  knowledge  of  path  clearance  and/or  antenna  beamwidths,  in  addition  to  path  length  and 
operating  frequency. 

Without  clearance  and  bandwidth  information,  as  shown  in  Figs,  la,  2a,  and  3a,  no  meaningful  correlation 
of  fading  probability  with  path  length  and  frequency  is  found,  using  the  data  of  Table  1.  These  data 
cover  a  wide  variety  of  operating  frequencies  and  path  lengths  in  several  countries. 

Inclusion  of  antenna  beamwidths  Increases  the  predictability  of  fading  proability  as  shown  in  the 
figures.  Inclusion  of  path  clearance  shows  (cf  Figs.  3b  and  3c)  a  further  increase  in  predictability. 


In  these  two  cases,  the  percentage  of  time  for  which  multipath  fading,  j  20  dB,  occurs  in  the  worst  month 
can  be  expressed  in  the  following  forms: 


Model  5  (variables  are  d,  f,  8  )  :  R  =  0.71 

Log  P(.01)  =  -9.99  +  2.93  log  d  +  1.86  log  f  +  2.17  log  8 
or 

p(.oi)  =  io‘10  .  d2-93  .  f1-86  .  e2,17  ; 

Model  4  (variables  d,  f,  8  ,  h)  :  R  =  0.94 

Log  P(.01)  «  -2.997  +  2.49  log  d  +  0.84  log  f  +  1.19  log  8  -  2.44  log  h 
or 

P(.01)  =  10'3  .  d2-49  .  f°*84  .  e1*19  .  h'2-44  . 

In  each  case,  the  logori thins  are  base  10,  d  is  the  path  length  in  km,  f  the  frequency  in  GHz,  8  the 
geometric  mean  of  the  antenna  beamwidths  in  mR,  and  h  is  the  clearance  in  meters. 

These  formulas,  and  others  developed  above,  represent  the  behavior  of  the  paths  described  in  Table  I 
fairly  well.  Thus  the  formula  should  be  applicable  to  other  paths  having  similar  characteristics  to 
those  used  in  Table  I.  As  noted  earlier,  these  paths  cover  a  wide  range  of  frequencies  and  path  lengths 
in  a  number  of  countries.  However,  examination  of  two  other  independent  sets  of  measurements  (each  of 
somewhat  limited  duration)  in  Section  4,  shows  that  while  predictions  for  one  set  match  the  observations 
quite  well,  the  reverse  is  true  for  the  other  set.  This  difference  needs  further  examination. 
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DISCUSSION 


J.E.  Doble  (U.K.):  I)  You  have  suggested  that  the  possibility  of  multipath  fading  can  be  estimated 
without  knowledge  of  climate  or  teriain.  Have  you  considered  a  term  to  take  account  of  localized  factors 
affecting  multipath? 

2)  In  the  case  of  paths  1-7  in  your  paper,  the  proximity  of  the  links  to  the  North  Sea  gives  rise 
to  a  ducting  environment  which  gives  enhanced  probability  of  fading  relative  to  that  found  in  central 
parts  of  the  United  Kingdom. 

D.D.  Crombte  (U.S.):  l)  A  further  product  term  of  the  form  J»x.  could  be  added  to  Equation  (2)  in  my 
paper  to  cover  the  situation  mentioned.  The  new  variable  x.  and  the  coefficient  J  could  be  determined 
from  the  regression  analysis  of  the  data  which  now  includes  x..  To  be  useful,  x.  should  be  determined 
objectively  and  should  not  be  correlated  with  the  other  variables.  The  analysis  would  also  yield  a 
measure  of  the  significance  of  the  new  variable,.  As  an  example,  x.  might  be  the  distance  of  the  center 
of  each  path  from  the  coastline.  4 

2)  If  the  suggested  situation  is  having  an  effect,  it  should  be  revealed  by  comparing  the  statistics 
for  two  groups  of  paths.  For  example,  let  us  compare  paths  1 “7  (group  A)with  paths  8-13  and  17,  18 
(group  B),  Using  model  A  (page  10-6  in  my  paper)  to  normalize  the  data,  the  difference  of  mean  residues 
for  the  two  groups  is  approximately  0.069.  The  standard  error  of  this  difference  (using  Bessel's 
correction  because  of  the  small  number  of  groups  of  samples  in  each  group)  is  approximate! y  0.270.  Since 
the  standard  error  is  four  times  as  large  as  the  difference  of  the  means,  the  difference  is  statistically 
insignificant.  Thus  a  difference  is  not  established.  Of  course,  one  could  use  any  other  prediction 
model  for  normal izat ion. 

In  terms  of  this  paper  an  apparent  difference  in  the  un-normal i zed  data  for  the  two  groups  could 
result  result  from  the  greater  beamwidths  of  the  group  A  paths  when  compared  with  those  used  in  group  B, 

R.G.  Blake  (U.K.):  I)  If  the  prediction  model  is  concerned  with  atmospheric-multipath  fading,  then  why 
should  center  path  clearance  have  any  effect  on  fading? 

2)  What  happens  in  a  valley? 

0.0.  Crombie  (U.S.):  l)  The  first  point  is  discussed  in  the  last  paragraph  of  Section  5  -  DISCUSSION, 
of  my  paper. 

2)  In  terms  of  my  paper,  propagation  across  a  valley  should  result  in  lower  fading  probabilities 
than  would  be  observed  for  a  path,  with  the  same  length,  antenna  beamwidth,  antenna  heights,  and 
frequency,  located  on  flat  land. 

T.J.  Moulsley  (U.K.):  You  state  in  your  paper  that  the  statistical  significance  of  the  coefficient 
of  frequency  (f)  is  not  high. 

Could  you  comment  further  on  this,  and  state  whether  it  is  necessary  or  desirable  to  include 
frequency  dependence  in  your  model? 

O.D.  Crombie  (U.S.):  In  general,  when  the  coefficient  of  a  variable  is  statistically  ins i gn i f i cant ,  it 
should  be  deleted  unless  the  contribution  of  the  variable  is  numerically  important.  Its  deletion  increases 
the  number  of  degrees  of  freedom  which  is  desirable  when  only  small  quantities  of  data  are  available, 
which  is  the  case  here.  Deletion  of  f  in  this  paper  would  require  recalculation  of  the  regression 
equation,  because  the  deletion  will  require  alteration  of  the  constant  term. 

J.  Battesti  (France):  J'estime  qu'il  est  inutile  d'avoir  un  d£gagement  aussi  important  que  celui  que 
semble  recommander  1 'auteur.  Un  dSgagement  tr&s  important  ne  diminue  pas  la  probability  d 1 £vanou i ssements 
dus  aux  trajets  multiples  dans  I'atmosph&re  et  augmente  les  risques  de  reflexion  par  le  sol. 
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Compte  tenu  de  la  selectivity  en  frequence  des  evanouissement s  dus  aux  trajets  multiples,  ces 
evanouissements  produisent  une  degradation  du  signal  plus  importante  que  celle-  d'un  evanouissement  non 
seiectif  de  meme  profondeur.  Tout  se  passe  done  comme  si  la  marge  de  l'equlpement  pour  les  evanouissements 
etait  reduite  en  presence  de  propagation  par  trajets  multiples,  ce  qui  amene  A  introduire  la  notion  de 
marge  nette  par  opposition  A  la  marge  brute  mesuree  dans  le  cas  d ' evanouissements  non  selectifs* 

On  montre  que  pour  un  signal  numerique  de  carac teris tiques  donnees  (debit  numerique,  type  de  modula¬ 
tion),  la  marge  nette  est  independante  de  la  longueur  du  bond. 


1.  INTRODUCTION 

Sur  les  liaisons  en  visibilite,  la  selectivity  des  evanouissements  dus  aux  trajets  multiples  a  pour 
consequence  un  ret recissement  de  la  bande  passante  de  1 ' atmosphere .  Ce  retrecissement  se  manifeste  sur  les 
liaisons  A  grande  capacity,  par  un  bruit  d ' Intermodulation  sur  les  liaisons  analogiques  3  modulation  de 
frequence  et  par  une  augmentation  du  taux  d'erreur  sur  les  liaisons  numeriques. 

Sur  les  liaisons  analogiques,  1 'experience  montre  que,  m£me  avec  des  capacites  de  2  700  voles  tei£- 
phoniques,  le  bruit  d * intermodu lat ion  est  negligeable  vis-A-vis  du  bruit  thermique  provoque  par  les  baisses 
de  niveau  requ,  c'est-A-dire  que  la  quality  est  pratiquement  la  meme  que  si  les  evanouissements  n'£taient 
pas  selectifs.  Si  on  connalt  les  caracteristiques  des  equipements  et  la  loi  de  distribution  des  affaiblis- 
sements  A  frequence  fixe  sur  un  bond,  on  peut  calculer  la  loi  de  distribution  du  bruit  sur  ce  bond,  et , 
done,  la  quail te  de  la  liaison. 

Sur  les  liaisons  numeriques,  par  contre,  la  selectivity  des  equipements  provoque  une  augmentation 
considerable  du  taux  d'erreur,  et  la  connaissance  de  la  loi  de  distribution  des  af f aiblissements  A  frequen¬ 
ce  fixe  ne  permet  pas  de  calculer  la  quality  d'une  liaison. 

Cette  quality  etant  limitee  par  l'existence  d 'evanouissements  selectifs,  on  commencera  par  donner 
quelques  caracteristiques  de  ces  evanouissements. 


2.  GRANDEURS  CARACTER I SANT  LA  SELECTIVITE  DES  EVANOUISSEMENTS  ET  LEUR  VITESSE  DE  VARIATION 

La  variation  de  l'amplitude  d'un  evanouissement  seiectif  en  fonction  de  la  frequence,  dans  une  bande 
de  quelques  centaines  de  MHz,  a  generalement  l'allule  representee  fig.  1.  Elle  est  caracterisee  par  les  3 
grandeurs  suivantes  : 

:  aff aibllssement  maximal  par  rapport  A  l'espace  libre 
f -m  :  frequence  pour  laquellt  1 'aff aibllssement  est  maximal  (on  peut  trouver  plusieurs  valeurs  de  f  ) 

A ^  :  af faiblissement  minimal  par  rapport  A  l'espace  libre. 

11  n'est  pas  question  de  donner  ici  des  statistiques  detainees  de  ces  3  grandeurs,  on  signalera 
seulement  que,  generalement  les  fortes  valeurs  de  A-m  ne  s'observent  que  pour  des  fortes  valeurs  de  A^  , 
et  que,  d 'autre  part,  la  variation  de  ces  grandeurs  peut  £tre  extr£mement  rapide.  Des  mesures  effectu£es  en 
France  sur  une  liaison  de  50  km  A  11,5  GHz  [l]  ont  montre  que  la  vitesse  de  variation  de  A^  pouvait 
depasser  270  dB  par  seconde  et  la  vitesse  de  variation  de  f^  2  000  MHz  par  seconde. 


3.  MARGE  BfcUTE  LT  MARGE  NETTE 

Pour  une  liaison  numerique,  on  appelle  marge  brute  de  la  liaison  pour  un  taux  d'erreur  donn£,  la 
profondeur  d'un  evanouissement  ap£riodique  (tel  qu'on  peut  le  realiser  en  laboratoire  A  l'aide  d'un  att£- 
nuateur)  qui  provoquerait  ce  taux  d'erreur.  Le  taux  d'erreur  servant  A  definir  la  marge  est  generalement 
pris  egal  A  HT3  car  un  taux  d'erreur  sup£rieur  provoque  pratiquement  la  coupure  de  la  liaison. 


\ 


On  appelle  marge  nette,  pour  un  £qulpement  donn£  et  pour  le  bond  consid£r£,  la  valeur  de  l'affai- 
bllssement  sur  frequence  fixe  non  d£pass£  durant  un  temps  £gal  d  celul  oQ  le  taux  d'erreur  n'a  pas  d£pass£ 
JO  3  .On  appelle  marge  nette  limite  la  marge  nette  qui  ne  peut  5tre  d£pass£e,  quelle  que  solt  la  valeur  de 
la  marge  brute*  Pour  les  liaisons  A  grande  capacity  *  la  valeur  de  la  marge  nette  limite  n'est  que  peu  sup£- 
rleure  &  la  marge  nette  obtenue  pour  une  marge  brute  de  40  dB  [2]  .  On  supposera  qu'on  est  dans  ce  cas, 
et  par  suite,  on  confondra  marge  nette  et  marge  nette  limite*  SI  on  connalt ,  d'une  part,  la  lol  de  distri¬ 
bution  des  af falbllssements  &  frequence  fixe,  d' autre  part,  la  marge  nette,  on  peut  calculer  le  temps  de 
coupure  de  la  liaison.  La  premiere  peut  Stre  d£termin£e  avec  une  assez  bonne  precision  £  1'aide  de  courbes 
ou  de  formules  Stabiles  pour  dlffSrents  cllmats  (voir  rapport  338  du  CCIR)  ;  malheureusement ,  on  ne  salt 
calculer  la  seconde  que  dans  des  cas  part lculiers ,  en  se  basant  tou jours  sur  des  mesures  de  marge  nette 
faites  sur  le  bond  oO  la  liaison  dolt  8tre  install6e,  ou  sur  un  bond  semblable  (m£me  longueur,  m&me  rugosi¬ 
ty  du  terrain,  m£me  climat)  dans  la  m§me  bande  de  frequence.  Le  nombre  de  mesures  sur  la  marge  nette, 
effectu£es  dans  le  monde,  £tant  extrSmement  r£dult  d'une  part,  et  d'autre  part,  les  mesures  ayant  £t£ 
faites  dans  des  cllmats  diff£rents,  avec  des  vitesses  de  modulation  dlff£rentes,  dans  des  bandes  de 
frequences  diff£rentes,  11  est  pratiquement  impossible  de  determiner  l'effet  de  la  longueur  du  bond  sur  la 
valeur  de  la  marge  nette. 

A  d^faut  de  mesures  directes  du  taux  d’erreur,  on  peut  utlliser  des  mesures  de  selectivity  ou  des 
considerations  theorlques  pour  determiner  la  lol  de  variation  du  temps  durant  lequel  un  certain  taux 
d'erreur  n'est  pas  d£passe,  et,  de  Id,  d£duire  la  valeur  de  la  marge  nette. 


4.  INFLUENCE  DE  LA  LONGUEUR  DU  BOND  SUR  LE  TEMPS  DURANT  LEQUEL  UN  TAUX  D'ERREUR  DONNE  N'EST  PAS  DEPASSE 

Aux  U.S.A,  une  etude  exp£rimentale  [3]  sur  5  trajets  align£s  de  longueur  comprise  entre  23  et  57  km 
a  consiste  d  mesurer  le  temps  durant  lequel  une  difference  de  valeur  donn£e  en  dB  exlste  entre  les  nlveaux 
re<;us  sur  deux  frequences  espacees  de  20  MHz  dans  la  bande  des  6  GHz.  Cette  etude  a  montre  que  ce  temps 
variait  comme  le  cube  de  la  distance. 

II  en  a  et£  d£duit  que  le  taux  d'erreur  variait  £galement  comme  le  cube  de  la  distance,  car  on  ne 
peut  estimer  qu'd  une  difference  donn£e  entre  les  nlveaux  requs  correspc  d  un  taux  d'erreur  determine. 
Comme  dans  la  region  oD  les  mesures  ont  £t£  faites,  1 ' af falbllssement  varie  egalement  comme  le  cube  de  la 
distance  ;  11  en  a  done  £t£  d£duit  que  la  valeur  de  la  marge  nette  etait  ind£pendante  de  la  distance. 

On  peut  se  demander  si  ces  r£sultats  obtenus  aux  U.S.A.  sont  valables  dans  les  cllmats  oO  les  condi¬ 
tions  de  propagation  sont  diff£rentes,  comme  le  climat  du  nord-ouest  de  1 'Europe.  Ne  dlsposant  pas  pour  ce 
climat  de  r£sultats  de  mesures  analogiques,  nous  avons  applique  la  m£thode  suivante  pour  determiner,  en 
fonction  de  la  longueur  du  bond,  le  temps  durant  lequel  un  taux  d'erreur  n'est  pas  depass£  alnsl  que  la 
valeur  de  la  marge  nette. 

On  a  montre  [4]  que  les  amplitudes  des  £vanoulssements  dus  aux  trajets  multiples  avalent  une 
distribution  qui  pouvalt  se  modeiiser  par  une  lol  de  ftICS-NAKAGAMI  dont  les  paramdtres  dependent,  d'une 
faqon  d£termin£e,  de  la  longueur  de  la  liaison. 

Or,  ce  moddle  permet  non  seulement  de  determiner  la  lol  de  distribution  des  af falbllssements  A  1  la 
frequence  fixe  f0  ,  mais  egalement  celle  des  af falbllssements  A^ ,  af falbllssements  qui  se  produisent  d  des 
frequences  variables  [5] 

Pour  des  longueurs  de  bond  allant  de  20  3  80  km,  on  a  trace  les  lols  de  distribution  de  A  et  de  A 

pour  le  tnois  le  plus  defavorable  ;  on  en  dedult  le  temps  durant  lequel  la  difference  entre  A  et  A  ne 

depassalt  pas  une  valeur  fix£e  n  dB  et  on  a  trace  la  lol  de  variation  de  ce  temps  en  fonction  de  la 
longueur  du  bond  (fig.  2).  On  trouve  la  m£me  loi  de  variation  quelle  que  soit  la  valeur  de  n,  pourvu 
qu'elle  solt  sup£rieure  3  10  dB. 

On  peut  estimer  que  cette  loi  de  variation  est  celle  de  la  dur£e  pendant  laquelle  un  taux  d'erreur 

n'est  pas  d£pass£  car  &  toute  valeur  de  n  dolt  correspondre  un  taux  d'erreur  determine. 

D* autre  pert,  on  a  calcuie  pour  les  raemes  longueurs  de  bond  que  precedemraent  le  temp6  durant  lequel 
un  certain  af  falbllssement  A  etait  d£pass£  durant  le  mols  le  plus  d£favorable  et  on  a  trace  la  lol  de 
variation  de  ce  temps  en  fonction  de  la  distance.  On  obtient  la  meme  lol  de  variation,  quelle  que  solt  la 

valeur  de  A  d£s  que  A  est  sup£rieur  &  environ  20  dB,  c'est-3-dlre  que  la  lol  de  distribution  alt  la  pente 

de  Rayleigh. 

Afin  de  comparer  les  deux  lols  de  variation  alnsl  obtenues,  on  a  multlpll£  les  temps  obtenus  par  des 

coefficients  convenables  pour  que  dans  les  deux  cas  le  temps  soit  de  100  secondes  A  50  km.  On  a  cholsi  la 

valeur  de  50  km  car  elle  est  sltu£e  3  un  coude  de  la  courbe  repr£sentant  la  variation  de  l'af falbllssement 
en  fonction  de  la  distance. 
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On  volt,  fig.  2,  que  les  courbes  sont  A  peu  pr$s  confondues,  d'ou  l'on  peut  d§duire  que  la  loi  de 
variation  du  temps  durant  lequel  un  certain  taux  d'erreur  n'est  pas  dipass^  et  celle  du  temps  durant 
lequel  un  af f aiblissement  A  n'est  pas  d€pass£  sont  les  m§mes  et  que,  done,  la  marge  nette  est  ind€pendante 
de  la  distance. 

Ce  r£sultat  permet  de  calculer  le  temps  de  coupure  d'une  liaison  num^rlque  quelle  que  soit  la 
longueur  du  bond,  si  une  mesure  de  marge  nette  a  et§  effectu^e  dans  la  bande  de  frequence  pr^vue  pour  cette 
liaison*  Consid^rons ,  par  exemple,  le  probldme  suivant  :  on  demande  le  temps  de  coupure  d'une  liaison  £  11 
GHz  90  Mbit/s,  8  etats  de  phase  sur  un  bond  de  40  km  dans  la  region  de  Paris.  On  salt,  par  ailleurs,  que 
des  mesures  effectuSes  dans  la  mSme  region  sur  un  bond  de  58  km  ont  montr§  que  la  marge  nette  d'une  liaison 
&  11  GHz,  140  Mbit/s,  8  etats  de  phase,  etait  de  28  dB, 

La  difference  entre  les  marges  nettes  3  90  et  140  Mbit/s  etant  de  4  dB,  la  marge  nette  de  la  liaison 
est  done  de  32  dB. 

Sur  la  loi  de  distribution  des  af f aiblissements  A  11  GHz  pour  un  bond  de  40  km,  on  voit  qu'un  affai— 
blissement  de  32  dB  n'est  pas  d§pass€  durant  4,4  .  10'*  du  mois,  soit  114  secondes.  Ce  sera  la  dur£e  de 
coupure  de  la  liaison. 
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MULTIPATH  OUTAGE  PERFORMANCE  OE  DIGITAL  RADIO  RECEIVERS 
USING  FINITE-TAP  ADAPTIVE  EQUALIZERS 
b> 

N.  Amitay  and  L.  J.  Greenslein 

Bell  Telephone  Laboratories 
Holmdel.  NJ  07733 
U.S.A. 


ABSTRACT 


N>  Recent  analysis/simulation  studies  have  quantified  the  multi-path  outage  statistics  of  digital  radio  systems  using 
ideal  adaptive  equalization.  In  this  paper,  we  consider  the  use  of  finite-tap  delay  line  equalizers,  with  the  aim  of 
determining  how  many  taps  are  needed  to  approximate  ideal  performance.  To  this  end.  we  assume  an  M-levcl 
QAM  system  using  cosine  rolloff  spectral  shaping  and  an  adaptive  equalizer  with  either  fractionally-spaced  or 
synchronously-spaced  taps.  We  invoke  a  widely  used  statistical  model  for  the  fading  channel  and  computer- 
simulate  thousands  of  responses  from  its  ensemble.  For  each  trial,  we  compute  a  detection  signal-to-distortion 
measure,  suitably  maximized  with  respect  to  the  tap  gains.  We  can  thereby  obtain  probability  distributions  of  this 
measure  for  specified  combinal-ons  of  system  parameters.  These  distributions,  in  turn,  can  be  interpreted  as 
outage  probabilities  (or  outage  seconds)  vs.  the  number  of  modulation  levels. 

A  major  finding  of  this  study  is  that,  for  the  assumed  multipath  fading  model,  very  few  taps  (the  order  of  five) 
are  needed  to  approximate  the  performance  of  an  ideal  infinite-tap  equalizer.  We  also  find  that  a  simple, 
suboptimal  form  of  timing  recovery  is  generally  quite  adequate;  and  that  fractionally-spaced  equalizers  are.  more 
advantageous  than  synchronously-spaced  equalizers  with  the  same  number  of  taps.  This  advantage  is  minor  for 
rolloff  factors  of  0.5  and  larger  but  increases  dramatically  as  the  rolloff  factor  approaches  zero. 

/.  INTRODUCTION 

Microwave  digital  radio  systems  subjected  to  multipath  fading  continue  to  be  the  focus  of  intense  study.  Many 
current  efforts  arc  addressing  the  use  of  space  diversity  and/pr  adaptive  equalization  to  meet  stringent  outage 
objectives  for  high-level  modulations.  '  One  recent  study  has  combined  analyses  of  such  techniques  with 
Monte  Carjo  simulations  of  the  channel  fading  responses,  using  published  statistical  models  of  multipath 
fading.  '  We  will  do  the  same  here,  and  thereby  obtain  probability  distributions  of  key  performance  measures 

Most  equalizer  studies  to  date  have  assumed  ideal  structures  (i.e..  transversal  filters  with  infinite  taps  and  optimal 
tap  gains)  and  optimal  timing  recovery.  The  results  have  served  to  quantify  the  limits  of  achievable  performance. 
With  this  accomplished,  various  follow-on  questions  come  to  mind,  such  as:  How  many  taps  would  suffice  in  an 
actual  realization?  How  much  does  the  answer  depend  on  symbol  rate  and  other  system  parameters?  How 
critical  are  the  method  of  timing  recovery  and  the  spacing  between  equalizer  taps?  The  study  reported  here  is 
addressed  to  these  questions. 

2.  SYSTEM  DESCRIPTION 

The  radio  transmission  is  an  M-levcl  QAM  signal  whose  baseband  pulse  has  the  Fourier  transform  T ■JCR(f). 
where  T  is  the  symbol  period  and  CR(f)  is  the  cosine  rolloff  function.  The  cosine  rolloff  factor  o  can  lie 
between  0  and  I  but.  for  microwave  radio,  would  typically  be  0.5  or  smaller. 

The  receiver  processing  is  depicted  in  Figure  1 .  The  filtering  is  seen  to  consist  of  two  stages,  one  fixed  and  one 
adaptive. +  The  fixed  filter  has  the  response  JcrT/T.  which  provides  matched  filter  reception  in  the  absence  of 
multipath  fading.  The  adaptive  filter,  with  response  H,,(/).  is  assumed  to  be  a  tapped  delay  line  (TDL)  equalizer 
with  N  taps  and  spacings  of  cither  T  (synchronous  spacings)  or  T/2  (fractional  spacings).  The  tap  gains  arc 
controlled  adaptively,  in  gradient  search  fashion,  '  8  using  the  mean  square  error  at  the  detector  as  the  quantity 
to  minimize. 

The  coherent  demodulator  stage  uses  a  quadrature  pair  of  local  oscillator  signals  to  bring  the  demodulator  inputs 
to  baseband.  We  make  no  assumptions  about  the  phase  accuracy  of  the  local  oscillators,  as  the  action  of  the 

t  Because  the  receiver  is  linear,  the  order  of  the  fixed  and  adaptive  filters  is  immaterial 
for  analysis  purposes,  as  is  the  manner  in  which  each  is  distributed  among  RF.  IF.  and 
baseband  stages. 


13-2 


equalizer  is  such  as  to  correct  for  any  static  phase  error. 

The  demodulator  output  is  a  pair  of  baseband  pulse  streams  (the  in-phase  and  quadrature  rails),  each  of  which  is 
sampled  every  T  seconds  in  the  detector.  Data  decisions  are  made  by  comparing  these  samples  to  optimally  set 
decision  thresholds.  We  assume  the  sampling  phase  (or  timing  epoch )  to  be  either  optimal  (in  the  sense  that  it 
yields  a  minimum  bit  error  rate)  or  derived  via  conventional  timing  recovery.  The  latter  consists  of  square-law 
envelope  detection,  prior  to  the  equalizer,  followed  by  narrowband  filtering  of  the  spectral  line  at  frequency  1/T. 

J  MULTIPATH  FADING  MODEL 

The  multipath  fading  model  used  here  was  derived  from  data  collected  on  a  26.4-mile  path  in  Georgia  in  the  6- 
GHz  band.  The  details  -  data,  methods  and  results  -  are  well-documented  in  [IS]  and  [16].  Here  we  will  merely 
summarize  the  results,  which  form  the  basis  of  our  simulations. 

(i)  The  expected  number  of  fading  seconds  on  a  microwave  hop  in  a  "heavy-fading  month’  (June,  July  and 
August)  is 


T0  -  5 400c  (676)  (0/25) 3 


where  F  is  the  frequency  in  GHz;  D  is  the  hop  length  in  miles;  and  c  is  the  terrain  factor,  varying 
between  0.25  and  4. 

(ti)  During  normal  propagation,  the  relative  channel  response  function  is  W,  -  l  +/0.  During  multipath 
fading,  however,  it  can  be  approximated  over  the  channel  bandwidth.  I-W/2,  W/2l.  by  the  following 
function: 


H'(f)  -all  -  *  exp(-l2r/r)J:  1/1  <  W/2 


where  f  is  referred  -  here  and  throughout  the  paper  -  to  the  center  frequency  of  the  radio  channel: 
W  —  40  MHz,  for  the  1 1-GHz  common  carrier  band;+  r  is  a  fixed  parameter  (6.3  nsec);  and  a  (real)  and 
b  (complex)  are  parameters  that  vary  slowly  with  time,  but  can  be  regarded  as  quasi-static.  Also  |6 1  lies 
between  0  and  1  .* 

We  now  define  the  following: 


A  A  -  20  logiofl 
B  &  -  20  logi0(l  -  !*l> 
*  £  Arg{b] 


The  parameters  B  and  *  are  mutually  independent  random  variables  across  the  ensemble  of  response 
functions.  Their  probability  density  functions  (pdfs)  are  given  by 


p,(B)  -  3.8  exp(-fl/3.8);  B> 0 


L 


5/6*;  1*1  <  »/ 2 

P*W  “  (1/6*;  */2  <  |*|  <  *  (4b) 

t  Strictly  speaking,  the  present  model  is  based  on  measurements  taken  over  a  25-MHz 
bandwidth.  For  convenience  in  this  study,  however,  we  assume  a  somewhat  wider  range 
of  applicability. 

•  The  issue  of  "minimum-phase"  vs.  "non-minimum-phase"  is  often  raised  in  the  multipath 
fading  literature.  With  0  <  |*|  <  I  and  r  positive,  He (/)  in  (2)  is  minimum-phase;  it 
would  be  non-minimum-phase,  for  the  same  |q,  if  r  were  -6.3  nsec  instead.  The 
distinction  is  immaterial  in  the  present  study,  however,  because  transversal  equalizers 
respond  equally  well  to  both  forms  of  (See  Sec.  4.4). 
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(iv)  The  parameter  A  is  a  gaussian  random  variable  whose  mean  is  a  function  of  B.  i.e  , 


A  -  24  6  (s00+fl<)/(800+«,l  dB. 


(5) 


and  whose  standard  deviation  is  a,  -  5  0  dB 

4  PERTISEST  PARAMETERS 
To  begin,  we  define  the  following: 


P,  ±  The  squared  signal  sample 
(excluding  intersymbol 

interference  (1SI)  and  noise) 
in  either  baseband  output 
when  a  data  value  of  +1  or  -1 
is  being  delected; 

m  The  mean  square  ISI  and 
noise,  respectively,  associated 
with  the 

periodic  samples  of  either 
baseband  signal; 


and 


r.0  A  PJ(P,  +  Pn) 


(6) 


The  latter  is 
(BER)  via14 


the  detection  signal-to-distortion  ratio  and  can  be  related  to  an  upper  bound  on  the  bit  error  rate 


BER  2  exp(-Po/2> 


(7) 


This  upper  bound  is  particularly  conservative  when  ISI  dominates  because  it  is  generally  peak-limited,  in  contrast 
to  gaussian  noise. 

It  can  be  shown  that,  in  an  M-QAM  system.  c0  has  the  general  form 


M  —  \ 


r.  M  >  4 


(8) 


where  the  factor  ( —— — )  represents  the  influence  of  M;  and  y  is  an  involved  function  of  the  symbol  period  (T). 
M  ~  I 

cosine  rolloff  factor  («),  unfaded  carrier-to-noise  ratio  (CAR,,),  timing  epoch  (/„).  channel  response  function 
( Hc(f ))  and  equalizer  tap  gains.  Now  consider  an  N-tap  equalizer  whose  complex  gains  |C'„K  are  adaptively 
adjusted,  for  any  given  i0,  so  as  to  maximize  y.  We  define  the  following: 

yy(l„)  A  Max  (y)  (9) 


and 


r*  A 


Max  |yN  (<«)];  Optimal  Timing 
y«(to-,a):  Derived  Timing 


(10) 


where  t4  is  the  timing  epoch  derived  by  using  squared-envelope  timing  recovery. 

The  quantity  l'*  is  the  detection  signal-to-distortion  measure  of  interest  in  this  study.  It  represents  the 
(normalized)  signal-to-distortion  ratio  for  an  optimally  adjusted  N-tap  equalizer  We  have  used  known  analytical 
techniques  to  derive  y>(ru)  and  have  then  obtained  r„  in  each  of  the  two  ways  indicated  by  (10).  For  the  case  of 
optimal  timing,  we  found  r„  via  a  numerical  search;  for  the  case  of  derived  timing,  we  found  tj  analytically. 

Combining  (7)  and  (8),  and  assuming  the  inequality  in  (7),  we  can  find  the  l'.v  required  in  an  M-level  system  to 
achieve  a  specified  bit  error  rate.  It  is 


M  —  \ 

3 


(11) 


If  BER  is  the  threshold  bit  error  rate  specified  in  the  system  design,  then  I'„,  is  the  smallest  acceptable  r*  for 
good  detection  performance. t  This  interpretation  will  be  useful  in  evaluating  the  probability  distributions  for  I  s 
obtained  in  our  simulations.  Decibel  values  of  I',,,  corresponding  to  various  combinations  of  M  and  BER  are 
listed  in  Table  I. 

5.  SIMULA  TIO,\  S  TUD  Y  AND  RESUL  TS 

5. 1  Parameters  Studied 

To  get  an  estimate  for  the  number  of  taps  needed  in  the  FFSTDL  equalizer,  we  generated  and  analyzed  a  few 
"bad"  fades.  Figure  2  shows  a  channel  response  with  a  36-dB  fade  at  the  band  edge,  i.e.,  at  f  —  I/2T.  The 
computed  measures  -y.%  (z„)  for  this  case,  for  N  —  5,  15,  21.  31  and  <*>,  are  plotted  against  t„  in  Fig.  3.  As  can  be 
seen,  sensitivity  to  r„  decreases  with  increasing  N,  as  >*((„)  rises  to  the  asymptotic  limit.  r„. 

The  system  parameters  studied  were  symbol  rate,  cosine  rolloff  factor,  and  number  of  taps.  Symbol  rate  of 
30  Mbd  were  considered,  being  typical  values  for  channel  bandwidth,  of  40  MHz  We  considered  a  "typical" 
cosine  rolloff  factor  of  0.5  and  also  an  extreme  value  of  0  ("brick  wall"  filter).  In  all  cases,  we  used  an  unfaded 
carrier-to-noise  ratio  (CNR,,)  of  63  dB,  and  obtained  results  for  N  —  oo  (MMSE  equalizer),  5,  3,  and  1+tFor 
synchronous  equalizers  with  a  -  0,  we  also  obtained  results  for  N  —  9. 

For  each  combination  of  timing  recovery  method,  type  of  equalizer,  and  system  parameters.  rv  was  computed  for 
20,000  simulated  responses,  each  response  being  obtained  via  Monte  Carlo  generation  of  A,  B,  and  <t>.  (3).  The 
same  set  of  20,000  response  functions  was  used  for  every  case,  to  permit  useful  comparisons. 

5.2  Results 

5.2.1  FFSTDL  Equalizers 

Figure  4  shows  probability  distributions  for  a  -  0.  The  abscissa  is  I'  expressed  in  dB;  the  ordinate  Pr (F). 
represents  the  fraction  of  fading  time  for  which  for  a  given  N  would  be  smaller  than  F.  Multiplying  by  T0,  as 
given  in  (1),  we  can  convert  /V(I')  into  seconds  per  heavy-fading  month,  as  shown  on  the  right-side  ordinate  of  the 
figure.  In  applying  (1),  we  have  assumed  c— 1  (average  terrain)  and  D— 25  miles. 

In  the  figure,  each  solid  curve  is  for  a  particular  N  and  optimal  timing,  while  each  set  of  crosses  is  for  a 
particular  N  and  squared-envelope  derived  timing.  Where  crosses  are  omitted  for  a  particular  N,  it  is  because  the 
results  are  virtually  identical  for  both  kinds  of  timing. 

On  the  abscissa  three  vertical  markings  indicate  the  minimum  acceptable  values  of  r  for  a  threshold  BER  of  l(T4 
and  M— 16.  64,  and  256.  (These  values  come  from  Table  I.)  Each  curve  can  therefore  be  interpreted  as  giving 
the  outage  probability  (or  outage  seconds)  for  a  particular  receiver  approach  (N  and  method  of  timing)  and 
specified  levels  of  performance  (BER  and  M). 

Having  thus  explained  Fig.  4  we  now  cite  Fig.  5  which  gives  the  same  results  for  a  ”  0.5.  From  these  two  figures 
we  can  make  the  following  observations; 

(i)  For  N  “  «>,  the  probability  curves  in  Figs.  4  and  5  are  very  similar,  i.e.,  they  hardly  depend  on  a. 

(ii)  Dramatic  improvements  (one  to  almost  two  orders  of  magnitude)  can  be  achieved  relative  to  the 
unequalized  (N  —  I)  case  using  FFSTDL  equalizers  with  as  few  as  5  taps,  especially  in  the  20-  to  25-dB 
range  of  r. 

(iii)  The  statistical  performance  of  FFSTDL  equalizers  with  5  taps  does  not  differ  substantially  from  the 
corresponding  MMSE  equalizers  at  the  various  values  of  a. 

(iv)  For  a  -  0,  Fig.  4,  the  spread  between  the  curves  corresponding  to  N  —  3  and  N  “  °°  is  quite  noticeable. 
For  a  ”  0.5,  Fig.  5,  this  spread  is  not  nearly  as  large. 

(v)  For  FFSTDL  equalizers  with  N-\  and  N £5,  the  differences  in  performance  between  the  optimally  timed 
equalizers  and  those  with  squared-envelope  derived  timing  are  minute. 


t  Since  (7)  is  an  upper  bound  on  BER,  r„,  is  actually  an  upper  bound  on  (he  smallest 
acceptable  IV 

t  '  The  case  N  —  I  corresponds  to  no  equalization,  except  for  optimizing  of  the  phase  of 
the  local  carrier  reference. 
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5.2.2  FSSTDL  Equalizers 

Early  simulation  runs  of  the  performance  of  synchronously  spaced  equalizers  indicated  that,  for  all  practical 
purposes,  the  squared-envelope  derived  timing  is  optimal.  This  applies  for  any  N  and  <*  We  therefore  computed 
the  performance  statistics  of  FSSTDL  equalizers  for  derived  timing  only.  The  results  are  shown  in  Figs.  6  and  7, 
which  precisely  parallel  Figs.  4  and  5.  As  can  be  seen,  there  are  dramatic  differences  in  performance  between 
equalizers  with  «-0  and  <>— 0.5.  For  0,  equalizers  with  /V— 9  perform  much  more  poorly  than  do  ideal  (A— 00 1 
equalizers.  For  «— 0.5.  the  spread  in  performance  between  the  ideal  and  ,V-5  equalizers  is  much  smaller. 

6  CONCLUSION 

The  main  conclusion  of  this  study  is  that  a  practical  fractionally-spaced  TDL  equalizer  can  provide  digital  radio 
outage  performance  close  to  that  of  an  ideal  infinite-tap  equalizer.  To  make  this  point  more  concrete,  consider  a 
64-QAM  system  (M  —  64)  for  which  the  threshold  bit  error  rate  is  I0“4.  Table  1  shows  that  I',,,  for  this  case  is 
upperbounded  by  26.2  d8.  Figures  4  and  5  show  that,  in  this  neighborhood  of  1',  there  is  a  small  difference  in 
/>r(l'l  between  N  —  5  and  ,V  -  °°  This  is  particularly  true  for  typical  cosine  rolloff  factors  ( a  near  0.5). 

These  findings  are  somewhat  theoretical,  ignoring  such  issues  as  the  dynamic  range  of  the  optimized  tap  gains  and 
the  time  dynamics  of  multipath  fading.  Further  study  is  needed  to  address  these  topics  properly. 

Finally,  our  results  show  that,  for  the  fading  model  assumed  here,  the  outage  performance  of  a  fractionally-spaced 
equalizer  exceeds  that  of  a  synchronously-spaced  equalizer  with  the  same  number  of  taps.  In  addition, 
fractionally-spaced  equalizers  are  far  less  sensitive  to  the  timing  epoch.  Moreover,  a  simple  timing  recovery 
circuit  preceding  the  adaptive  equalizer  can  yield  outage  statistics  which  are  very  close  to  the  theoretical 
optimum. 
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TABLE  I:  VALUES  OF  r,„  FOR  VARIOUS 
M  AND  THRESHOLD  BER 


M 

.6 

64 

256 

BER 

10'3 

18.81  dB 

25.04  dB 

31.11  dB 

10'4 

19.96  dB 

26.19  dB 

32.26  dB 

10'5 

20.87  dB 

27.10  dB 

33.17  dB 

10'6 

21.62  dB 

27.85  dB 

33.92  dB 

Note:  The  Values  Shown  for  r„.  Are  Upper  Bounds 


PHASE  TIMING 

REFERENCE  REFERENCE 


Fig.  I  Block  diagram  of  the  digital  radio  receiver  assumed  in  the  study. 


.d 


Fig  2  Sample  magnitude  response.  corresponding  to  a 
Ht  (r )  -  >/o7  (1-0  95  expli I >/3il 


"bad"  radio  channel  fadi 


Fig.  3  Normalized  maximum  signal-to-distortion  ratios,  yy  and  I'».  vs  timing  epoch.  r„.  (, 


0  5  and  H,  1  of 
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Fig.  4  Performance  statistics  for  fractionally-spaced  equalizers  and  a  -  0:  /vlr*  ^  I'l  vs.  r  for  various  N. 
Results  are  based  on  20.000  simulation  trials.  Solid  curves  are  for  optimal  timing,  crosses  are  for 
derived  timing.  Vertical  markings  on  abscissa  identify  r„, -values  at  BER  —  I0‘4  for  different  M  (16, 
64,  and  256)  Symbol  rate:  30  Mbd. 


Fig.  5  Performance  statistics  for  fractionally-spaced  equalizers  and  «  -  0  5.  All  else  the  same  as  for  Fig  4 
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Fig.  6 


Performance  statistics  for  synchronously-spaced  equalizers  and  a  -  0.  Derived  timing  only  All  else  the 
same  as  for  Fig.  4. 


9900 


990 


99 


9  9 


o 

2 


Fig.  7  Performance  statistics  for  synchronously-spaced  equalizers  and 
the  same  as  for  Fig,  4 


0  V  Derived  timing  only  All  else 
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DISCUSSION 


T.  J.  Moulsley  (U.K.):  It  may  be  useful  to  consider  the  tap  spacing  required  for  an  equalizer  in  terms 
of  the  bandwidth  (B)  occupied  by  the  signal  spectrum,  or  its  time-domain  representation  given  by  the 
auto  correlation  function.  From  the  Nyquist  criterion,  the  separation  of  samples  in  the  time  domain  must 
be  B/2.  Thus  in  your  system  with  cosine  roll-off  (a  »  0.5),  the  bandwidth  is  about  half  of  that  for  no 
roll-off  (a  «  0),  and  synchronously  spaced  taps  could  be  used  rather  than  fractional  spacing. 

Furthermore,  it  may  be  that  the  number  of  taps  required  for  the  adaptive  filter  realization  depends 
upon  the  time  delay  spread  of  the  auto  correlation  function  of  the  required  filter  characteristic.  Have 
you  any  comment  on  this  way  of  looking  at  the  above  situation? 

N.  Amitay  (U.S.):  The  bandwidth  with  a  =  0.5  i s  not  about  half  of  that  with  a  ■  0  as  stated  above. 

The  tap  spacing  does  not  have  to  be  considered  in  terms  of  the  signal  spectrum,  because  deletion 
would  be  less  sensitive  to  the  tuning  recovery  epoch.  It  is  better  to  consider  tap  spacing  in  terms  of  the 
characteristics  of  the  fading  channel  since  this  is  what  the  equalizer  is  trying  to  correct. 

We  do  not  know  a  priori  the  required  filter  characteristics  or  its  auto  correlation  function.  The 
number  of  filter  taps  is  obtained  through  complicated  minimization  of  the  mean  square  distortion,  noise 
plus  intersymbol  interference  (ISI),  and  search  over  timing  epochs  and  number  of  taps.  I  cannot  see  at 
present  any  advantage  of  looking  at  the  autocorrelation  function.  I  think  that  more  physical  insight  can 
be  gained  by  looking  at  the  tapped  delay  line  equalizer  as  a  weighted  finite  Fourier  series  for  the 
construction  of  the  filter  which  will  minimize  the  mean  square  distortion. 
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SPHERICAL  PROPAGATION  MODELS  FOR  MULT I PATH -PROPAGATION  PREDICTIONS 


L.P.  Ligthart 

Delft  University  of  Technology 
Dept,  of  Electrical  Engineering 
Mekelweg  4 
2628  CD  Delft 


Multipath  fading  leads  to  a  limitation  in  the  availability  and/or  reliability  of  microwave  links.  To 
study  the  propagation  mechanism  under  fading  conditions  propagation  models,based  on  ray  theory/ above  a 
spherical  earth  have  been  developed  and  compared  to  the  well-known  planar  propagation  model  above  a  "flat¬ 
tened  earth".  The  reasons  for  studying  spherical  propagation  models  are  a)  to  avoid  the  limitation  of 
small  elevation  angles  in  planar  propagation  models,  b)  to  investigate  the  computed  and  measured  path 
delay  on  the  microwave  line  of  sight  links,  and  c)  to  set  up  an  analytical  approach  for  the  spherical  pro¬ 
pagation  model  without  numerical  difficulties  and  computing-time  intensive  procedures. 

In  this  paper  computational  results  of  the  models  are  shown,  including  an  accuracy  analysis,  and  the 
use  of  spherical  propagation  models  is  illustrated  for  surface  duct  layers  above  water.  „ 

1 .  Introduction 

Multipath  propagation  can  cause  large  variations  in  the  received  signal  level.  To  prevent  multipath 
fading  on  terrestrial  microwave  radio  links  two  diversity  techniques  are  frequently  used: 

-  frequency-diversity, 

-  height-diversity. 

Another  possibility  for  multipath  fading  reduction  is  derived  from  the  angle  of  arrival  dependency  of 
incoming  rays  at  the  receiver  antenna.  This  third  diversity  technique  looks  promising  when  use  is  made  of 
electronically  controlled  limited  scan  antennas  (Ref.  1 ).  Hybrid  reflector  antennas  for  multipath  fading 
reduction  have  determined  the  German  and  the  Dutch  contribution  to  the  COST  204  project  (European  Co-Oper¬ 
ation  in  the  field  of  Scientific  and  Technical  Research-Commission  of  the  European  Communities) .  The  pro¬ 
ject  is  entitled  "Phased  Array  Antennas  and  their  Novel  Applications"  (Ref.  2). 

In  The  Netherlands  the  Dr.  Neher  Laboratory  of  the  Dutch  PTT  and  the  Microwave  Laboratory  of  the  Delft 
University  of  Technology  have  collaborated  on  a  research  program  to  investigate  the  possibilities  of  using 
limited  scan  antennas  on  digital  microwave  line  of  sight  links.  To  come  up  with  antenna  specifications  for 
fading  reduction,  group  delay  requirements  in  two  ray  propagation  models  have  been  considered.  Firstly, 
the  planar  propagation  model  has  been  used.  This  model  approximates  small  elevation  angles  and  can  be 
found  by  an  "earth  flattening"  coordinate  transformation  to  preserve  relative  curvature  between  rays  and 
the  earth.  Because  accurate  time  delay  information  is  needed  for  specifying  the  wanted  antenna  character¬ 
istics  spherical  models  have  also  been  investigated. 

In  Section  2  some  attention  is  paid  to  ray  parameters  in  planar  and  spherical  models,  assuming  a  con¬ 
stant  refractive  index  gradient  over  a  given  height  segment. 

In  Section  3  results  of  time  delay  computations  for  both  models  and  of  the  accuracy  analysis  for  the 
spherical  model  are  shown. 

In  Section  4  a  modified  logarithmic  refractive  index  profile  is  assumed  in  order  to  study  the  pro¬ 
pagation  mechanism  through  surface  ducts  above  water  under  different  spherical  model  conditions. 

2.  Ray  parameters  for  planar  and  spherical  models 

In  the  model  with  planar  earth  (Figure  1)  the  vertical  refractive  index  profile  m  is  assumed  to  be 
dependent  on  z  only  and  is  characterized  by  the  trans format ion 


L 


L  *  dm(z)  _  J_  H  _  _1_ 

dz  R  R 

a  a 

refractive  index  in  the  spherical  model  with  earth  radius  R  and  with  assumed  radial 


dependency  r 
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m  »  refractive  index  in  the  planar  model 

B"  =  refractive  index  gradient  per  meter  in  the  planar  model 


Figure  1.  Planar  propagation  model  Figure  2.  Ray  parameters  in  planar  propagation  model 


Segmentation  is  carried  out  in  such  a  way  that  B"  =  constant  per  segment  p  (Figure  2) .  The  ray  para¬ 
meters  are  functions  of  the  refractive  index  profile  and  9.  In  the  planar  model  the  ray  parameters  per 
segment  become 


-  h 

-  d 

-  s 

-  t 


pi 
pP  * 
V 

pp< 


P 


*  height  difference  of  the  ray  =  segment  thickness 

*  horizontal  distance  of  the  ray  along  the  earth  surface 
=  path  length  of  the  ray 

=  path  delay  of  the  ray 


If  a  ray  reaches  a  maximum  or  minimum  height  within  the  segment  an  extra  segment  is  introduced  based 
on  these  heights.  The  whole  radio  path  is  described  by  summing  the  ray  parameters.  The  appeal  of  the  planar 


In  the  model  with  spherical  earth  (Figure  3)  the  refractive  index  profile  is  characterized  by  the 
trans format ion 


dn(r) 

dr 


dN(rf) 

dr. 


B' 


1 


where  N  *  refractive  index  in  the  spherical  model  with  arbitrary  fictive  radius  R^ 
B*  *  refractive  index  gradient  per  meter  in  the  spherical  model 


Segmentation  is  illustrated  in  Figure  4  where  B'  -  constant  per  segment  p.  The  ray  parameters  in  the 
spherical  model  become 


sph 

sph 

sph 


segment  thickness 

.  4/^  *  horizontal  distance  of  the  ray  along  the  earth  surface 
path  length  of  the  ray 


-  s 


=  path  delay  of  the  ray 


-  t  Sph 
P 

Different  analytical  approximations  for  the  ray  parameters  have  been  derived  for  B‘  >  -N(r^)/rf< 
B'  <  -N(rf)/rf  and  for  the  rays  which  reach  maximum  heights.  Per  segment  analytical  expressions  can  be 
obtained  by  making  approximations  in  the  ray  theory,  especially  of  the  term 


Using  Snell's  law  for  a  spherical  layered  medium  the  ray  path  constant  C  becomes 


C  =  N(rf)  .  rf  .  sin© 


For  B'  <  -N(r^)/rf  the  term  I  yields 


I  »  /(r  2  -  r  2)K  ' 
m  f  p 


r  is  the  maximum  r_  value  the  ray  would  reach  if  the  refractive  index  gradient  B'  =  constant  were  extended 
m  f  J  P 

to  above.  This  means  r  ^  r~.  The  factor  K  is  chosen  so  that  for  r  >  r~ 
m2  p  m2 


2  2  2  2  2 
(r  *  -  r0  j  K  *  r.V(r_)  -  (T 
m  2  p  2  2 


and  for  r  »  r_ 
m  2 

K  =  -N2(r.)  -  B’  .  N(rf )  .  r. 

P  1  p  1  1 

For  B'  >  -N’rf)/rf  the  term  I  yields 

X  =:  /K'(r,2  -  r,2)  +  K"' 

P  t  1  p 

K'  and  K"  are  chosen  so  that  the  approximation  is  optimal  for  rc  -  r . ;  K'  and  K"  become 

p  p  f  1  p  P 

K'  =  N2 (r. )  +  B’  .  N(r . )  .  r, 

P  1  p  1  1 

2  2  2 
K"  =  N  (r. )  .  r/  -  <T 
P  1  1 

3 .  Path  delay  computations  and  accuracy  analysis 

To  make  comparisons  between  planar  and  spherical  models  computer  programs  have  been  developed.  The 
input  parameters  in  the  programs  are 

-  link  geometry  (i.e.  antenna  heights,  distance  between  antennas,  earth  radius) 

-  refractive  index  profiles  linearized  in  a  given  number  of  segments 

-  elevation  angles  of  transmitted  rays 

For  an  incoming  ray  at  the  aperture  of  the  receiver  antenna  the  results  are 

-  path  length  and  path  delay  T 

-  angle  of  arrival  a 

-  amplitude  and  phase 


i 


In  case  the  elevation  angles  of  transmitted  and  received  rays  are  within  1  degree  the  main  differences 
between  the  models  are  mostly  found  in  path  delay  and  amplitude  computations.  Therefore,  in  this  section 
results  of  path  delay  computations  are  compared  for  the  spherical  model  with  Rf  =  and  the  planar  model. 
For  simplicity  a  constant  refractive  index  gradient  B'  and  thus  a  constant  B”  has  been  assumed  over  the 
atmospheric  height  region  of  interest.  For  the  spherical  model  this  height  region  is  subdivided  into  seg- 
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merits  with  a  constant  thickness  of  10  meters.  The  antenna  heights  at  transmitter  ami  receiver  equals 
100  m  above  the  earth.  Three  different  B‘  (and  B")  values  are  considered: 


a.  =  -5  *  Id'7  Im'1]  ■*  Bjj  =  -3.4  »  10'7  [m"1] 

b.  B^  =  -.78  *  IQ'7  [m'1]  »  B£  =  .78  *  lo'7  [m'1] 

c.  B1  »  1  *  10  7  [m  •*  B"  =  2.6  *  10  7  [m 

c  c 


In  these  three  cases  the  angle  of  arrival  ®  dependency  of  the  distance  D  is  approximated  by 


a*.  D  =  106  .  a  [km]  a  in  degrees 


b*.  D.  **  420  .  a  [km] 
b 

c* .  D  -  -135  .  a  [km] 
c 


The  path  delay  computations  At  =  Ttota^  ”  T0 
for  both  me  iels  are  shown  in  Figures  5-7 
where: 


-  Ttotai  “  total  path  delay  time  from 

transmitting  to  receiving  an¬ 
tenna 

-  f  »  delay  time  of  a  ray  propaga¬ 

ting  at  the  earth's  surface  with 
a  refractive  index  at  earth 

n  =  1.0002  and  B'  =  -1/R 
o  a 


The  figures  give  indication  of  larger 
At  values  in  the  spherical  model.  By  way  of 


Figure  5.  Path  delay  as  function  of  ot,  for 

B'  =  -5.0  *  10  7  [m  *]  (solid  line),  and 

a  -7-1 

=  -3.4  *  10  [m  ]  (dotted  line) 


Figure  6.  Path  delay  as  function 

B'  =  -.78  *  10"7  Im'1) 
^  —7  _  1 

=  .78  *  10  to  ] 


of  a,  for 
(solid  line) ,  and 
(dotted  line) 


Figure  7.  Path  delay 

B'  *  1.0  * 
a 

B“  =*  2.6  * 


as  function  of  a,  for 

10  7  [m  l]  (solid  line),  and 

10  7  [m  *]  (dotted  line) 


example,  differences  in  At  up  to  2.5  ns  are  found  for  angles  less  than  0.3  degree*  and  distances  less  than 
40  km. 


To  verify  the  convergence  in  the  accuracy  of  the  numerical  computations  for  the  spherical  model  At 
computations  have  been  made  for  specific  angles  and  the  number  of  segments  (segment  thicknesses  which  have 
been  chosen  are  10,  5,  1,  and  0.25  meters)  has  been  increased.  In  Figures  8  and  9  the  accuracies  are  given 


-)  -.5  0 

e(l)  [ns]  - — 


Figure  8.  Error  e(x)  in  At  computations  as  function 

of  segment  thickness  d  for 
-7  -1  s 

B*  =-5.0  *  10  [m  ] 


Figure  9.  Error  e (t )  in  At  computations  as  function 
of  segment  thickness  ds  for 
B'  =  1.0  *  10"7  [m'1] 


for  B'  =  -5  .  10  7  [m  ]  and  B'  =  10  7  [m  ].  The  point  of  convergence  in  the  origin  has  been  obtained  by 
extrapolation  of  the  curve  for  a  segment  thickness  of  1  m  and  a  thickness  of  0.25  ,.i.  From  these  results  it 
can  be  seen  that  for  segment  thicknesses  less  than  10  meters  the  accuracy  lies  wit). a:  1  r.s,  which  is  less 
than  the  differences  between  the  spherical  and  the  planar  model. 

4 .  The  modified  logarithmic  refractive  index  profile 


An  application  of  the  theory  is  given  for  a  refractive  index  profile  characteristic  of  a  duct  above 
water.  This  model  has  been  chosen  because  strong  gradients  and  thus  strong  convergence  or  divergence  of  the 
rays  can  be  expected  just  above  the  water  surface.  At  the  same  time  there  is  the  possibility  to  inves¬ 
tigate  whether  a  simple  relationship  exists  between  the  amplitude  of  incoming  rays  and  their  delay  time. 

For  the  microwave  link  the  following  is  selected: 


-  distance  between  transmitter  and  receiver  =  40  km 

-  antenna  heights  =  80  ra 

The  modified  logarithmic  refractive  index  profile 
above  a  flattened  earth  is  given  by  (Figure  10). 

M (z)  =  C2  |^z  -  z1  -  (d  +  zq)  . 


where 

d  =  duct  height  (5  -  50  meters) 
zq  =  roughness  parameter  at  the  earth's  surface 
(10'3m) 

Zj  =  height  where  M(Zj)  =  Mj 
and  C2  characterizes  dM/dz  at  high  altitudes 
(z  >  3d). 


Figure  10.  Modified  logarithmic  refractive  index 
profile  above  a  planar  earth 


14- 


The  refractive  index  n  above  the  spherical  earth  is  determined  by: 

M(z)  =  (n  -  1  +  ~)  106  •*  dM/dz  =  (dn/dz  +  1/R  )  106 
R  a 

a 

where  dn/dz  =  refractive  index  gradient  above  a  spherical  earth  with  earth  radius  R^. 

For  a  fictive  earth  radius  R,.  -  kR  it.  is  found  that: 

f  a 


0  10  20  30  40  50  0  10  20  30  40  50  0  10  20  30  40  50 


- -  d  [m]  -  d  [m]  - -  d  [m] 

(a)  (b)  (c) 

Figure  13.  Computational  results  as  function  of  duct  height  d; 

Model  3:  k  =  2,  Mj  =  325;  a)  time  delay  difference  6t;  b)  relative  amplitude  of  the  indirect 
ray;  c)  angles  of  arrival 

This  means  that  k  determines  the  mode lcond it ions  for  high  altitudes.  The  computations  with  1  meter  segmen¬ 
tation  and  for  k  =  1,  4/3  (standard  atmosphere  above  the  duct)  and  k  =  2,  are  presented  in  Figures  11,  12 
and  13.  In  these  figures  5r  is  the  delay  time  difference  and  r  is  the  relative  amplitude  factor  of  the  two 
rays  in  this  two-way  propagation  model. 

A  dominant  k-dependency  on  6t  and  a  clear  correlation  between  6x  and  ot  are  found  as  a  function  of  the 
duct  height,  while  no  simple  relationship  exists  between  6t  and  r.  From  Section  3  it  is  known  that  the 
appropriate  spherical  model  has  to  be  used  for  accurate  6t  computations. 

Conclusions 

In  this  paper  it  is  proposed  that  for  path  delay  computations  in  multipath  fading  conditions  sphe¬ 
rical  models  be  used.  In  the  spherical  model  analytical  formulas  for  the  ray  parameters  have  been  used, 
assuming  constant  refractive  index  gradients  per  segment.  By  doing  so  the  computing  time  can  be  reduced 
considerably  relative  to  numerical  solutions  of  the  differential  equations.  The  accuracy  analysis  shows 
strong  convergence  in  path  delay  results  by  decreasing  segment  thicknesses.  The  example  of  a  two-way  sphe¬ 
rical  model  based  on  surface  duct  layers  above  water  indicates  a  strong  relationship  between  time  delay 
differences  and  angles  of  arrival  combined  with  a  dominant  dependency  of  the  model  on  the  time  delay 
computations. 
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DISCUSSION 


M. P.M.  Hall  (U.K.):  Your  Figures  1-1*  show  a  rather  simple  case  where  both  transmitter  and  receiver  are 
situated  at  a  height  above  which  the  refractive  index  decreases  sharply  with  height,  and  below  which  it 
increases  sharply  with  height.  Could  you  please  comment  on  how  the  main  conclusions  of  your  paper  would 
be  different  for  a  more  general  ducting  geometry  in  which  the  terminal  height  would  not  be  at  this  region 
of  refractive  index  change,  and  where  the  curvature  of  each  ray  would  change  significantly  with  height  and 
even  change  direction  along  its  path? 

L.P.  Ligthart  (The  Netherlands):  In  the  spherical  model,  arbitrary  refractive  index  profiles  may  be  used 
and  antenna  heights  may  vary.  Maximum  time  differences  A  t  occur  in  the  case  you  mentioned  and  are  shown 
in  Figures  1-4.  The  main  conclusion  remains,  as  can  be  seen  from  Figures  11-13  in  which  a  modified 
logarithmic  refractive  index  profile  has  been  taken. 

U.  Buse  (Germany):  At  which  frequency  range  are  your  models  valid? 

L.P. Ligthart  (The  Netherlands):  At  4  and  6  GHz. 

S.  Rotheram  (U.K.):  The  use  of  a  flat  earth  with  an  earth  flattening  transformation  and  a  modified  refrac¬ 
tive  index  should  give  the  same  answer  as  a  spherical  earth  and  the  ordinary  refractive  index.  In  two 
dimensions  (cylindrical  geometry)  the  earth  flattening  transformation  can  be  made  exact. 

L.P.  Ligthart  (The  Netherlands):  The  earth  flattening  transformation  yields  a  modified 
which  gives  approximate  results.  In  the  limit  of  small  elevation  angles,  exact  results 
comparison  between  planar  and  spherical  propagation  models,  differences  have  been  found 
delay. 

L.  Boithias  (France):  Vous  ne  tenez  pas  compte  des  variations  horizontales  de  l'indice  de  refraction. 

Les  erreurs  introduites  ainsi  ne  sont-elles  pas  supfirieures  %  celles  que  vous  envisagez  de  corriger? 

L.P.  Ligthart  (The  Netherlands):  Horizontal  variations  in  the  refractive  index  can  influence  the  numerical 
results.  Therefore  experimental  verification  of  the  models  is  needed. 

T. A.Th.  Spoelstra  (The  Netherlands):  This  is  a  comment.  The  necessity  to  use  a  planar  or  spherical  earth 
approximation  in  the  model  depends  on  the  accuracy  one  needs.  In  radio  astronomy,  correlation  of  signals 
from  telescopes  at  distances  of  a  few  hundred  meters  make  a  spherical  approximation  mandatory.  Furthermore 
it  should  be  valid  for  all  elevation  angles. 

N.  Amitay  (U.S.):  Roughly,  what  improvement  can  you  expect  to  obtain  by  using  angular  diversity? 

L.P.  Ligthart  (The  Netherlands):  Deep  fadings  can  be  reduced  between  5  to  10  dB  by  using  angular  diversity. 
The  effects  on  group  delay  depends  on  delay  time  differences. 


refractive  index, 
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Radio  astronomical  observations  with  local  interferometers  and  very  long  baseline  interferometers  (VLBI) 
are  affected  by  atmospheric  (i.e.  tropospheric  and  ionospheric)  refraction.  A  correction  procedure  for 
ionospheric  refraction  for  radio  astronomy  interferometry  is  reviewed  in  the  present  paper.  This  correction 
is  applied  to  observations  made  with  the  Westerbork  Synthesis  Radio  Telescope  (WSRT).  The  method  used  for 
WSRT  observations  can  also  be  used  to  correct  VLBI  observations  for  ionospheric  refraction.  If  networks  of 
ionosonde  and  satellite  observing  stations  operate  during  the  astronomical  VLBI  observations,  pathlength 
corrections  ranging  from  several  wavelengths  to  a  fraction  of  a  wavelength  are  possible,  provided  the 
geographical  distribution  of  these  stations  is  similar  to  the  VLBI  network.  The  possibilities  of  this 
procedure  are  compared  with  the  results  derived  by  e.g.  dual  frequency  VLBI  observations. 
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refraction  angle  in  declination  (radians) 

shift  of  f  due  to  the  ionosphere 

clock  error  (msec) 

shift  of  T  due  to  the  ionosphere 

error  in  the  declination  of  the  baseline  pole  (arcsec) 
frequency  error  (kHz) 

longitude  to  the  east  of  the  observer  (radians) 

frequency  of  the  wave  (MHz) 

interferometer  phase  (degrees) 

geographic  latitude  (radians) 

geographic  latitude  of  the  observer  (radians) 

latitude  of  the  point  at  which  the  ray  intersects  the  upper  ionospheric  boundary  (radians) 
time  delay 

hour  angle  ^ 

angular  velocity  due  to  the  Earth's  rotation  (U  »  -r-) 


1.  INTRODUCTION 

Radio  interferometric  observations  are  affected  by  tropospheric  and  ionospheric  refraction.  At  radio  freq- 
encies  tropospheric  refraction  is  basically  independent  of  frequency,  while  ionospheric  refraction  varies 
in  inverse  proportion  to  the  observing  frequency  squared.  The  effects  of  refraction  are  visible  as  Faraday 
rotation  of  the  plane  of  polarization  of  the  incident  wave  and  as  errors  in  the  interferometer  phase  which 
are  to  first  approximation  (as  long  as  the  ionosphere  is  'coherent'  over  the  interferometer  baseline) 
linearly  proportional  to  the  baseline  length  in  meters.  The  fundamental  phenomenon  is  a  delay  error.  It 
translates  into  fringe  rate  or  phase  errors.  The  "interferometer  fringe  phase"  or  the  relative  phase  in 
radians  of  a  signal  received  at  each  end  of  an  interferometer  baseline  is  the  pathlength  difference  to  these 
interferometer  elements  expressed  in  units  of  the  observing  wavelength.  Owing  to  the  earth's  rotation,  the 
relative  signal  phase  is  changing  with  a  rate,  known  as  the  fringe  rate,  which  is  the  time  derivative  of 
the  phase.  Ionospheric  refraction  is  a  significant  effect  for  Connected  Element  Radio  Interferometry  (CERI) 
at  frequencies  up  to  about  2  GHz.  Although  in  general  the  observing  frequencies  used  in  Very  Long  Baseline 
Interferometry  (VLBI)  are  higher  than  2  GHz,  the  long  baselines  involved  imply  that  this  technique  is  also 
sensitive  to  effects  of  ionospheric  refraction. 


These  refraction  effects  cause  very  often  serious  changes  in  both  angular  position  and  polarization.  These 
highly  variable  and  unpredictable  effects  can  be  a  source  of  degradation  for  radio  astronomical  observations. 
In  this  paper  we  will  review  a  procedure  to  correct  radio  interferometric  observations  for  ionospheric 
refraction  on  the  basis  of  available  ionospheric  data.  Results  are  shown  for  observations  done  with  the 
Westerbork  Synthesis  Radio  Telescope  (WSRT)  at  608.5  and  1412.0  MHz  and  a  procedure  for  VLBI  observations 
is  outlined. 

2.  IONOSPHERIC  REFRACTION 


Refraction  causes  a  shift  of  the  apparent  positions  of  extra-terrestrial  objects  on  the  celestial  sphere. 
This  shift  depends  on  the  geometry  of  the  ionosphere  and  on  the  distribution  of  ionospheric  electrons  along 
the  line  of  sight  and  perpendicular  to  it  (i.e.  gradients  in  this  dis tribut ion) (Komesarof f ,  1960;  Hagfors, 
1976;  Spoelstra,  1983a).  If  the  zenith  angle  for  a  particular  object  at  the  height  of  the  maximum  electron 
density,  rm»  is  denoted  by  ioro,  the  change  of  the  apparent  celestial  coordinates  by  refraction  due  to  the 
horizontal  structure  (in  radians)  can  be  expressed  by  the  following  relations: 


for  right  ascension: 


for  declination: 
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and  for  the  refraction  due  to  vertical  gradients  (in  radians): 

-  1  Tt  re  sin  iom  d(fo2)  , 


a  [rt  re  sin  iQm 

^  2v2  2  (r2  -  r2  sin2i  ) 


!  dr 


(1) 

(2) 

(3) 


(Spoelstra,  1983a  and  references  therein;  De  Munck,  1982).  The  accuracy  with  which  refraction  errors  can 
be  corrected  on  the  basis  of  this  approach  is  typically  10-15%. 

The  procedure  to  correct  for  ionospheric  refraction  depends  very  much  on  the  availability  and  accuracy  of 
ionospheric  data  (i.e.  the  electron  content).  In  our  case  we  had  only  access  to  the  ionosonde  data  collected 
by  the  Royal  Netherlands  Meteorological  Institute  (KNMI)  at  De  Bilt  (5?2  E,  5 29 1  N) . 

3.  CORRECTION  METHOD  FOR  THE  WSRT 


The  Westerbork  Synthesis  Radio  Telescope  (WSRT)  is  a  radio  interferometer  array  described  in  detail  else¬ 
where  (Baars  et  al.,  1973;  Hogbom  and  Brouw,  1974;  Casse  and  Muller,  1974;  Bos  et  al.,  1981).  The  instrument 
is  situated  at  6?6  £,  52?7  N  and  consiscs  of  14  steerable  paraboloids  with  diameters  of  25  m  each,  which 
are  situated  along  an  east-west  baseline  with  a  deviation  of  1 V 2  (±  O'.'l)  from  a  perfect  east-west  baseline 
(Bregman,  1983:  private  communication).  Ten  occupy  fixed  positions  at  144  m  intervals,  which  are  denoted 
0,  I,  2,  3,  ...,  9.  Four  additional  paraboloids  (i.e.  A,  B,  C  and  D)  serve  as  references  with  respect  to 
which  the  phase  of  the  radiation  received  by  the  antennas  0  to  9  is  measured.  To  this  end  the  latter  are 
connected  to  the  former  to  form  a  total  of  40  correlation  interferometers.  The  back  end  of  each  of  these 
consists  of  a  correlator  system  which  measures  the  four  complex  correlations  necessary  to  characterize  the 
polarization  state  of  the  radiation.  The  main  wavelength  bands  are  6,  21,  50  and  90  cm. 

A  source  is  observed  by  tracking  it  in  its  diurnal  rotation  from  6  hours  before  to  6  hours  after  meridian 
transit  or  over  some  fraction  of  this  range.  The  array  beam  is  continuously  steered  by  proper  phasing  of 
the  elements.  This  is  done  with  very  high  precision:  the  positional  accuracy  in  the  sky  is  better  than  O'.'l, 
corresponding  with  a  phase  accuracy  better  than  1  mm.  This  precision  is  reached  by  the  application  of  a 
number  of  corrections,  both  for  astrometric  effects  (Brouw,  1969;  Hogbom  and  Brouw,  1974;  Spoelstra,  1983a) 
and  for  known  instrumental  errors  (Brouw  and  Van  Someren  Greve,  1973;  Van  Someren  Greve,  1974). 

Point  sources  are  observed  quite  frequently  for  checking  and  calibrating  the  instrument.  For  such  sources, 
we  know  that  the  incident  wavefront  should  be  perfectly  flat;  any  deviation  must  be  the  result  of  propagation 
effects  (e.g.  Hamaker,  1978;  Spoelstra,  1983a).  However,  after  application  of  the  proper  corrections  many 
observations  showed  phase  errors  which  are  much  larger  than  the  internal  accuracy  of  the  system.  These  errors 
could  have  the  character  of  a  phase  slope  as  a  function  of  hour  angle  (Figure  1)  and/or  are  wave-like 
variations  as  a  function  of  hour  angle  (Figure  2).  Since  these  effects  are  most  severe  at  608.5  MHz  (327 
MHz  was  not  yet  in  operation  during  our  tests)  and  linearly  proportional  with  interferometer  baseline 
(characteristic  for  a  refraction  problem)  they  are  interpreted  as  being  due  to  ionospheric  refraction  as 
the  result  of  horizontal  stratification  in  the  ionosphere,  electron  density  gradients  and  their  variations. 
Since  the  WSRT  is  aligned  along  an  east-west  line  the  errors  are  mainly  due  to  the  east-west  components  of 
the  ionospheric  characteristics.  Ionospheric  refraction  may  then  be  described  by  Eqs.(l)  and  (3). 

In  Eq.(l)  the  gradients  appear  as  dtfo?)/dX.  Observations  of  the  critical  frequency  of  the  F2-layer,  foF2, 
are  done  at  the  KNMI  at  De  Bilt  by  using  an  ionosonde  (De  Bilt  is  located  about  140  km  south-west  of  the 
WSRT).  The  foF2  information  is  available  to  us  every  hour.  Since  only  one  station  provides  us  with  ionos¬ 
pheric  data,  gradients  are  not  measured  directly.  However,  by  taking  into  account  the  orientation  of  the 
WSRT  array  which  is  parallel  to  the  direction  of  the  rotation  of  the  earth,  Eq.(l)  is  approximated  by 
aasuming 

-  ( l  ( foF2(  t+1 )  +  foF2(t) }) 2  -  (j(foF2(t)  +  foF2(t-l)))2  (4) 

where  foF2(t)  i.9  the  value  of  foF2  at  time  t  (t  in  integer  hours)*  By  this  means  the  data  taken  by  the 
KNMI  at  De  Bilt  are  sufficient  to  account  for  east-west  gradients  in  the  electron  density.  This  approximation 
is  valid  because  of  the  scale  of  the  horizontal  variations  in  the  electron  density  which  is  several  hundred 
kilometers. 


Vertical  gradients  are  calculated  on  the  basis  of  a  simple  model  for  the  vertical  electron  distribution 
which  is  scaled  by  the  foF2  data.  I.e.  it  is  assumed  that  the  vertical  electron  distribution  is 
proportional  to 


15-3 


fo:>  *  A  Br  +  $Cr2  (5) 

(De  Munck,  1982;  Spoelstra,  1981,  1983a). 

The  corrections  are  determined  for  the  subionospheric  point  where  the  line  of  sight  crosses  the  layer  of 
maximum  electron  density. 

4.  RESULTS 

The  effect  of  the  application  of  the  corrections  for  ionospheric  refraction  on  interf eroraetric  observations 
is  best  visible  in  observations  of  point  sources  (since  they  have  intrinsically  the  most  simple  phase 
behaviour) . 

During  15-19  December  1978  a  series  of  short  observations  of  several  calibration  sources  were  done  with  the 
WSRT  at  both  608.5  and  1412.0  MHz.  For  this  purpose  608.5  MHz  frontends  have  been  installed  at  the  odd  fixed 
telescopes  and  telescopes  C  and  D.  1412.0  MHz  frontends  have  been  installed  at  the  even  fixed  telescopes 
and  A  and  B.  The  radio  sources  3C48,  3C147,  3C286,  3C309.1,  3C380  and  3C454.3  were  observed  alternatingly 
at  both  frequencies  during  5  minutes.  The  total  number  of  observations  was  537,  equally  distributed  over 
both  frequencies.  The  resulting  database  contained  amplitude  and  phase  information  as  a  function  of  hour 
angle  and  declination.  The  hour  angle  and  declination  coverage  of  the  data  made  it  possible  to  calculate 
residual  baseline  corrections:  i.e.  corrections  for  errors  in  the  positions  of  the  individual  telescopes, 
for  the  observing  frequency,  A\>,  for  the  declination  of  the  baseline  pole,  A6p,  and  for  the  clock,  At.  Av 
is  a  correction  for  the  scale  of  the  baseline  and  A6  and  At  are  corrections  for  the  orientation  of  the 
baseline.  The  influence  of  ionospheric  refraction  was  not  visible  in  the  corrections  found  for  the  individual 
telescopes.  The  influence  on  the  other  baseline  parameters  is  shown  in  Table  I. 

Table  I 
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The  corrections  given  in  Table  1  are  differential  corrections  with  respect  to  those  already  applied  to  the 
data.  We  can  conclude  from  these  results  that  the  ionosphere  tends  to  make  the  baseline  of  the  interferometer 
somewhat  longer.  At  1412.0  MHz  this  correction  is  0.4  ram  at  a  baseline  of  1  km.  At  608.5  MHz  it  is  4.4  ram 
at  1  km  baseline.  Furthermore,  the  orientation  of  the  array  changed.  This  is  most  clearly  visible  in  A<5p 
(especially  at  608.5  MHz).  Although  only  east-west  effects  of  the  ionosphere  have  been  taken  into  account, 
the  change  of  A6p  suggests  the  influence  of  north-south  gradients,  but  is  an  effect  introduced  by  the 
observing  technique  (Spoelstra,  1983a). 

After  the  application  of  all  relevant  corrections  the  phase  residuals  for  point  sources  should  be  0°.  But 
in  practice  this  is  almost  never  the  case.  The  influence  of  ionospheric  refraction  on  the  phase  residuals 
(i.e.  the  deviations  from  0°)  is  given  in  Table  2.  Again  the  database  of  the  observations  of  December  1978 
was  used. 


Table  2 

Phase  residuals 

V 

corrected  for 

phase 

(MHz) 

ionospheric 

residuals 

refraction 

(°) 

1412.0 

no 

±  9 

1412.0 

yes 

+  7 

608.5 

no 

+  12 

608.5 

yes 

±  7 

The  improvement  of  the  phase  residuals  due  to  the  correction  for  ionospheric  refraction  is  clear.  Phase 
variations  with  time  scales  less  than  an  hour  could  not  be  corrected.  Therefore,  the  remaining  residuals 
may  be  due  to  these  effects  since  ionospheric  information  was  only  available  for  us  per  hour  UT.  Figure  1 
shows  the  improvement  by  the  present  correction  technique  for  a  typical  night  observation.  It  turned  out 
that  the  correction  method  failed  for  observations  done  during  sunrise  (Spoelstra,  1983a).  Since  the 
interferometer  phase  contains  astrometric  information  these  corrections  may  influence  the  apparent  position 
as  well  as  the  observed  structure  of  a  radio  source.  Spoelstra  (1983a)  showed  that  the  present  correction 
method  reduces  the  differences  between  the  observed  source  position  at  e.g.  608.5  MHz  and  its  catalogue 
position  (determined  at  much  higher  frequency).  He  also  showed  an  example  of  the  change  of  structure  in  a 
field:  see  Figure  3.  The  shaded  features  in  figure  3  show  the  source  structure  at  608.5  MHz.  The  contours 
in  figure  3  show  the  difference  map  for  processing  without  and  with  corrections  for  ionospheric  refraction. 
The  peak  intensity  of  the  difference  map  is  about  3%  of  the  peak  intensity  of  the  main  source.  Since 
averaged  over  the  whole  I2h  observation  the  change  of  position  due  to  the  correction  for  ionospheric 
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refraction  is  only  0V6  (+173)  the  contours  show  changes  of  structure  in  the  field.  The  elongation  of  the 
contours  roughly  parallel  to  the  structure  of  the  main  radio  source  is  an  accidental  effect  caused  by  the 
asymmetry  in  hour  angle  of  the  ionospheric  refraction.  If  refraction  changes  the  observed  structure  of 
radio  sources,  the  grating  responses  of  these  sources  will  change  too.  This  is  visible  in  figure  3. 

5.  CORRECTIONS  FOR  VLBI 

Ionospheric  refraction  is  a  significant  effect  for  CERI  at  frequencies  up  to  about  2  GHz.  In  general  the 
observing  frequencies  used  in  VLBI  are  higher  than  2  GHz,  but  the  long  baselines  involved  imply  that  this 
technique  is  also  sensitive  to  effects  of  ionospheric  refraction.  In  VLBI  it  is  common  use  to  translate 
phase  errors  into  errors  in  time  delay,  t,  and  fringe  rate,  f  (**  v  di/dt).  In  general  we  cannot  determine 
the  values  of  t  and  f  at  anyone  instant  exactly,  due  to  several  effects:  e.g.  the  rotation  of  the  earth; 
averaging  over  a  finite  integration  time,  and  sampling  the  data  at  discrete  time  intervals  rather  than 
continuously;  unknown  offsets  in  time  and  frequency;  effects  due  to  the  earth*s  atmosphere  (e.g.:  Cohen 
and  Shaffer,  1971). 

The  observed  time  delay  can  be  written  as 
1;  #  U 

r  m  —  sin  6  +  —  cos  6  cos  (a-h)  +  At  +  At  (6) 

o  c  c  c  a 

and  the  observed  fringe  frequency  as 

f  8  -  il  1'  cos  6  sin  (a-h)  +  Af  +  Af  (7) 

o  2  c  a 

where  Atc  and  Afc  denote  the  influences  of  clock  errors,  of  the  rotation  of  the  earth,  etc.  Atmospheric 
errors  are  included  in  Ara  and  Afa.  At3  and  Afa  can  be  divided  into  a  component  due  to  the  troposphere 
(Att  and  Aft,  respectively)  and  the  ionosphere  (At^  and  Af^,  respectively). 

One  technique  to  correct  VLBI  observations  for  ionospheric  influences  is  to  compare  the  group  delays  of 
the  signals  observed  at  two  widely  separated  frequencies  simultaneously.  This  technique  has  been  applied 
successfully  by  e.g.  Robertson  and  Carter  (1982)  and  Campbell  (1982,  private  communication) .  They  derive 
corrections  for  ionospheric  refraction  with  typical  accuracies  of  about  4.0  x  10“  times  the  baseline  used. 
This  accuracy  depends  also  on  the  resolution  of  the  Mklll  VLBI-processor .  The  analysis  of  dual  frequency 
data  make  it  mandatory  to  pass  through  all  the  data  at  least  twice.  The  amount  of  data  involved  makes  a 
cheaper  solution  attractive.  Furthermore,  the  dual  frequency  option  is  not  yet  available  on  a  standard  basis 
for  complete  VLBI  networks.  An  advantage  of  this  method  is  that  for  calibration,  correction  and  reduction 
of  the  data  no  additional  information  about  the  ionosphere  is  necessary. 

As  was  discussed  in  sections  2  -  4  it  is  possible  for  CERI  to  represent  ionospheric  refraction  as  position 
errors  which  are  used  to  correct  interferometric  parameters.  In  VLBI  an  important  problem  is  that  the  line 
of  sight  for  each  element  of  the  interferometer  points  through  a  part  of  the  atmosphere  whose  physical  state 
is  not  correlated  with  that  of  the  other  elements.  We  assume  that  the  refraction  error  is  the  arithmetic 
mean  of  the  contributions  by  the  atmosphere  above  each  of  the  interferometer  elements.  For  each  element  the 
position  error  due  to  refraction  can  be  calculated  by  Eqs.  (I)  and  (3).  The  F2-layer  of  the  ionosphere 
dominates  ionospheric  influences  at  the  frequencies  used.  The  columnar  electron  density,  N,  of  the  F2-layer 
can  be  derived  from  observations  of  the  critical  frequency  of  the  F2-layer,  foF2.  The  foF2  values  can  be 
derived  from  ionosonde  observations.  Since  east-west  gradients  giving  rises  to  Aa  are  equivalent  to  gradients 
in  time  (Eq.  (4)),  continuous  time  series  of  foF2  observed  at  an  ionosonde  station  close  to  an  element  of  the 
interferometer  (e.g.  at  distances  less  than  100  -  200  km)  are  needed  to  calculate  Aa  for  the  line  of  sight 
of  that  element. 

The  refraction  error  in  declination,  Ad,  can  be  determined  on  the  basis  of  e.g.  differential  Doppler  data 
measured  from  NNSS  navigational  satellites.  These  satellites  travel  in  polar  orbits  with  speeds  which  are 
high  with  respect  to  changes  in  the  ionosphere.  With  these  measurements  the  electron  content  of  the 
ionosphere  can  be  determined  (De  Mendonga,  1962,  1963).  Differential  Doppler  data  combined  from  two  stations 
(at  distances  about  300  km  apart)  give  leliable  results  for  the  horizontal  structure  in  the  ionosphere  (Ebel 
et  al.,  1969;  Leitinger  et  al.,  1975).  Thus  differential  Doppler  measurements  of  signals  from  NNSS  satellites 
made  at  one  or  more  stations  close  to  an  element  of  the  interferometer  (within  about  200  km  distance)  can 
provide  information  about  N  and  its  north-south  gradients.  From  these  values  AG  can  be  derived. 

The  error  in  the  time  delay  and  fringe  frequency  due  to  ionospheric  refraction  can  be  interpreted  as  due  to 
a  position  error.  Then  we  can  write  (Spoelstra,  1983b): 

li  . 

At.  “  - —  cos  6  Aa  +  —  cos  6  sin  (a  -h)Ai  ♦  —  sin  *•  sin  (a  -h)Ad  (8) 

1C  o  c  o  o  coo 

and 

Af .  *  ft  1*  fcos  5  cos  (a  -h)Aa  -  Ad  sin  d  sin  (a  -h) }  (9) 

l/oo  o  o 

where  a  and  d  are  the  true  a  and  d  for  the  source, 
o  o 

With  the  aid  of  these  relations  the  influence  of  ionospheric  refraction  on  VLB!  observations  can  be 
calculated . 


At  e.g.  5  GHz  the  correction  factors  can  be  determined  with  a  typical  accuracy  of  about  2.5  x  10 
the  baseline  used  (Spoelstra,  1983b). 


t  imes 
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This  method  may  be  cheaper  than  the  dual-frequency  technique.  This  with  respect  to  (i)  computing  time 
-  because  the  method  is  a  simple  algorithm  with  'known'  ionospheric  parameters  -,  and  (ii)  the  instrumenta¬ 
tion  used  to  monitor  the  ionosphere  -  e.g.  the  satellite  receivers  often  designed  for  geodetic  research  are 
available  off  the  shelf  for  about  k$35  or  less  (including  periferals)  At  VLBI  stations  no  additional 
hardware  is  necessary  for  dual  frequency  observations. 

6.  DISCUSSION 

With  the  procedure  presented  in  this  paper  it  is  in  principle  possible  to  correct  radio  astronomical  observa¬ 
tions  for  ionospheric  refraction.  These  corrections  imply  improvement  of  the  baseline  parameters  of  the  radio 
interferometer  and  the  astrometric  accuracy  of  the  observations  made  with  it.  In  the  case  of  VLBI  the  method 
can  only  be  applied  if  a  network  of  ionosondc  and  satellite  tracking  stations  "co-located"  with  the  VLBI 
stations  is  operational  during  the  astronomical  observations. 

Since  in  the  case  of  the  WSRT  only  one  station,  the  KNMI  at  De  Bilt,  gives  us  ionospheric  information  we  are 
very  sensitive  to  defects  in  these  data.  Furthermore,  since  ionospheric  information  is  only  available  each 
integral  hour  we  can  not  correct  for  phase  variations  at  shorter  time  scales.  The  correction  fails  for  obser¬ 
vations  done  around  sunrise.  This  is  due  to  the  fact  that  at  this  time  the  plasma  in  the  ionosphere  is  heated 
and  will  move  upward.  A  move  which  is  also  supported  by  changes  in  the  winds  in  the  ionosphere  due  to  this 
heating.  Since  with  an  ionosonde  only  the  bottomside  of  the  F2-layer  can  be  studied,  we  obtain  inadequate 
information  to  estimate  the  total  electron  content  along  the  line  of  sight  around  sunrise.  It  is  expected  that 
in  the  near  future  when  we  use  information  from  satellites  (e.g.  differential  Doppler  observations  of  NNSS 
satellites)  the  quality  of  the  results  derived  with  the  present  method  will  increase.  Since  the  schedule  of 
the  passages  of  the  NNSS  satellites  may  have  occasional  gaps  of  about  2  to  3  hours,  measurements  using  these 
satellites  have  to  be  complemented  by  other  means:  i.e.  additional  ionosonde  observations. 
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Figure  1 :  Phase  variations  as  a  function  of  hour  angle  for  an  observation 
of  3048  as  observed  and  as  corrected  (including  corrections  for 
ionospheric  refraction).  The  baseline  was  2736  m.  The  observation 
was  done  on  19  September  1980  between  19^20  and  22^40  UT  (from 
Spoelstra,  1983a). 


Figure  2:  Phase  variations  as  a  function  of  hour  angle  for  an  observation 
of  3CI47  as  observed  with  the  WSRT  at  2736  m  baseline.  The 
observing  time  was  06^37  -  11^1  I  ITT.  The  observing  date  was 
21  September  1980.  This  observation  has  already  been  corrected 
for  ionospheric  refraction. 
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Figure  3:  Map  of  the  differences  between  the  brightness  distribution  of  radio  source 
1155+266  processed  with  and  without  corrections  for  ionospheric  refraction 
(contour  plot) .  This  difference  map  is  superimposed  on  a  cleaned  map  of  the 
radio  source  (grey  scale  representation).  The  observing  frequency  is  608.5 
MHz.  The  contour  values  are  given  in  mjy  (1  mJy  =  I0-2"  W  m-2  Hz-1  sterad-1). 
Minima  are  indicated  by  "V"  (from  Spoelstra,  1983a). 


DISCUSSION 


E.  E.  Altshuler  (U.S.):  How  do  you  obtain  the  tropospheric  refraction  correction? 

T.A.Th.  Spoelstra  (The  Netherlands):  In  the  case  of  the  Westerbork  Synthesis  Radio  Telescope  (WSRT)  obser¬ 
vations,  we  use  a  constant  refractive  index  at  present  because  the  main  factor  is  the  spherical  geometry  of 
the  earth  and  atmosphere.  At  very  low  elevation  angles,  less  than  k  ,  we  have  still  interferometric  phase 
errors  up  to  ISO  .  These  can  be  reduced  to  include  real  time  correctigns  based  on  ambient  temperatures, 
humidities,  and  air  pressures.  Then  we  finally  have  errors  of  about  5°  at  a  6  cm  wavelength.  A  method  to 
use  this  approach  will  be  operational  in  a  few  months. 

H.  Soicher  (U.S.):  This  is  only  a  comment.  The  relevant  ionospheric  parameter  is  the  integrated  electron 
density,  which  is  available  from  a  network  of  polarimeters  (for  Faraday  rotation  monitoring)  or  Doppler 
receivers. 

In  the  future  Global  Positioning  System  (GPS),  satellites  may  be  used  for  determination  of  total 
electron  content  (TEC)  by  the  differential  group  delay  method. 


THE  ESTIMATION  AND  CORRECTION  OF  REFRACTIVE  BENDING 
IN  THE  AR3-D  TACTICAL  RADAR  SYSTEMS 
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SUMMARY^ 

-  This  paper  deals  with  the  development  of  techniques  for  the 

estimation  and  correction  of  refractive  bending,  in  the  vertical 
plane,  in  the  evolution  of  a  family  of  radar  systems.  The  systems 
are  based  on  the  the  AR3-D  radar  and  are  in  service  in  several 
countries  and  climates.  After  a  brief  description  of  the  AR3-D 
radar  systems,  we  consider  the  Operational  requirements;  then  the 
Engineering  solutions;  then  some  of  the  Human  Factors  which  affect 
the  design  and  implementation,  and,  finally,  future  possibilities. 
Appendix  1  describes  a  simple  and  exact  approach  to  sensitivity 
analysis.  Appendix  2  describes  a  fast  algorithm  for  the  on-line 
correction  of  radar  plot  elevation  data.  The  thrust  of  the  paper  is 
the  need  for  education  on  refractive  effects  and  for  understanding 
of  the  possibilities  which  exist  for  estimation  and  correction  in 
3-D  radar  systems. 

\ 

1.  Introduction 


1.1  The  main  sensor  for  the  systems  being  described,  is  the 
AR3-D  radar  (Refs  1,2)  which  provides  ground  based  PSR 

and  SSR  coverage  to  about  300  n.m.  range,  with  an  altitude  ceiling 
above  100  Kft.  The  radar  scans  mechanically  in  azimuth,  usually  at 
6  rpm,  with  a  prf  of  250  Hz.  The  antenna  is  frequency  sensitive  in 
elevation  and  radiates  a  pencil  beam  which  is  scanned  vertically  by 
a  36  usee  frequency  swept  pulse.  The  sweep  is  non-linear  and,  in 
conjunction  with  the  appropriate  receiver  circuits,  it  provides  :- 

-.1  Control  of  the  vertical  energy  distribution. 

-.2  Compression  of  the  received  signal  to  0.1  usee. 

-.3  Measurement  of  elevation  angle  by  the  measurement  of  the 
frequency  of  the  received  signal. 

1.2  The  C-3  sub-systems  into  which  these  radars  are  connected, 
cover  a  wide  spectrum  of  facilities  and  capabilities,  from 

single  reporting  posts  up  to  integrated  networks  with  numerous 
radars  and  aircraft  control  stations. 


The  facilities  which  are  provided  include  :- 


r 
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1.3 

-.1  Control  of  the  radar  sensors 

-.2  Processing  of  radar  plots,  including  computation 
of  height  on  each  plot,  after  correcting  for  the 
estimated  refractive  bending. 

-.3  Automatic  (and  manual)  initiation  and  tracking  of 
aircraft  on  both  PSR  and  SSR  radar  data. 

-.4  Flight  plan  handling  with  automatic  plan-track 
comparison . 

-.4  Threat  evaluation  and  reaction-suggestion,  including 
collision  warning  where  appropriate. 

-.5  Self-adaptive  interception  and  recovery  calculations. 


2.  Operational  Aspects 


2.1  In  such  systems,  the  errors  and  uncertainties  in  the 

estimation  of  aircraft  height  are  important  parameters, 
having  major  effects  on  the  confidence  which  can  be  placed  in  the 
system  (Ref  3).  Therefore  we  have  to  answer  the  question  :- 

"How  small  must  be  the  errors  and  uncertainties  in  the 
estimation  and  correction  of  refractive  bending  if  they 
are  to  have  no  serious  adverse  effects  on  the  confidence 
of  the  user  in  the  ability  of  the  system  to  perform  its 
operational  mission  ?" 


2.2  Given  that  the  confidence  of  the  operational  user  is  a 
matter  of  considerable  importance  in  such  systems,  we  can 

avoid  all  those  other  apects  of  this  question  which  can  so  easily 
become  both  sensitive  and  contentious,  and  concentrate  upon  this 
one  point.  Because  this  is  largely  a  matter  of  psychology,  the 
answer  cannot  be  numerically  exact,  but  we  can  bracket  an  answer 
by  considering  particular  cases. 

2.3  Consider  a  civil  supersonic  transport  flying  at  a  height  of 
perhaps  60  Kft  and  which  may  be  detected  at  a  range  beyond 

250  n.m.  For  the  purpose  of  this  analysis,  we  assume  that  this 
aircraft  normally  reports  its  height  automatically  and  accurately 
by  Mode-C  responses  on  SSR.  At  the  same  time,  it  will  be  detected 
by  PSR,  and  its  height  will  be  estimated  from  the  PSR  returns. 
Given  this  scene,  we  can  ask  the  question  :-  "What  are  the  effects 
of  discrepancies  between  the  SSR  height  and  the  PSR  height  ?" 

2.4  Obviously,  the  effects  of  discrepancies  depend  upon  their 
magnitudes  and  the  frequencies  with  which  they  occur.  For 

example,  if  the  discrepancy  is  normally  about  a  hundred  feet,  then 
if  a  discrepancy  of  several  thousand  feet  occurs  on  a  particular 
occasion,  the  surveillance  operator  will  want  to  know  whether  it  is 
a  fault  or  a  deliberate  act. 
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Whatever  the  answer,  the  situation  reveals  a  threat  which 
requires  a  positive  reaction.  But,  if  the  gap  between  SSR 
heights  and  PSR  heights  is  often  several  thousands  of  feet,  then 
the  probability  of  the  situation  being  perceived  as  a  threat  is 
greatly  diminished,  as  is  the  probability  of  positive  reaction. 
Alternatively,  valuable  resources  may  be  wasted. 

2.6  Given  this  scene,  we  can  now  bring  in  the  fact  that,  an 
uncertainty  of  0.04  deg.  in  the  angle  of  elevation  of  an 
aircraft  at  a  range  of  250  n.m.  corresponds  with  an  uncertainty  of 
1,000  ft  in  height.  Clearly,  therefore,  at  low  angles  of  elevation, 
the  performance  is  very  sensitive  to  errors  and  uncertainties  in  the 
estimation  and  correction  of  refractive  bending.  (Appendix  1). 


3. 


Engineering  solutions 


3.1  The  oldest  solution  to  the  problem  of  refractive  bending, 
which  we  used  during  the  1960’s,  was  to  take  the  effective 

radius  of  the  earth  to  be  4/3  x  the  geometric  value,  (Refs  4,5). 
Limitations  on  this  approximation  are  discussed  in  the  literature, 
although  they  tend  to  concentrate  on  macroscopic  effects  and  to 
ignore  the  effects  of  the  micro-climate. 

3.2  Continuing  with  the  'effective  radius',  the  next  idea  was 
to  measure  the  surface  refractivity  at  the  radar  site  and 

then  to  estimate  the  effective  radius  by  assuming  an  'exponential 
atmosphere',  (Refs  4,5).  This  was  tentatively  adopted  as  a  policy 
early  in  tha  1970's,  but  was  not  implemented  in  AR3-D  systems. 


3.3  Continuing  with  the  notion  of  an  'exponential  atmosphere', 
we  implemented  a  solution  based  upon  a  single  measurement 
of  refractivity  at  the  surface.  The  value  of  this  measurement  then 
became  the  independent  variable  in  a  formula  which  generated  the  co¬ 
efficients  of  a  polynomial  which,  in  turn,  generated  an  elevation 
correction  as  a  function  of  the  observed  range  and  elevation  of  the 
plot.  The  formula  which  generated  the  co-efficients  was  derived  by 
first  tracing  a  set  of  rays  through  various  exponential  atmospheres 
and  then  performing  a  least-squares  analysis.  This  method  provided 
a  more  accurate  correspondence  with  an  exponential  atmosphere  than 
did  the  effective  radius  method,  but  it  took  no  account  of  actual 
gradients. 

13.4  The  decision  to  use  dynamic  ray  tracing  was  made  when  we 

realised  that  the  ray  tracing  process  can  be  a  background 
computational  task,  running  only  when  new  meteorological  data  is 
I  received,  and  generating  a  table  of  range-and-elevation  dependent 

\  corrections  for  use  in  the  on-line  correction  of  PSR  plots.  This 

method  was  implemented  some  years  ago,  using  the  aviation  met-data 
which  is  generally  available. 

3-5  Later,  it  was  perceived  that  instead  of  using  the  general 
aviation  met-data  for  this  purpose,  one  could  obtain  better 
performance  by  taking  detailed  soundings  of  the  micro  climate  at 
the  radar. 
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3.6  Although  there  are  plenty  of  technical  problems  which  we 
have  to  overcome  for  a  full  implementation  of  this  solution, 

they  are  simplified  by  the  fact  that  the  overall  process  is  a  linear 
train,  without  the  recursive  loops  which  complicate  so  many  matters 
in  systems  engineering. 

3.7  The  essential  parts  of  the  process  are  :- 

-.1  A  mechanically  constrained  sounding  system  which 
measures  and  transmits  the  raw  data  by  wire. 

-.2  A  data  recording  facility. 

-.3  A  pre-processor  for  examination  of  the  profile  and 
for  the  extraction  of  the  salient  points. 

-.4  A  facility  for  transferring  the  extracted  profile 
to  the  radar  data  processor. 

-.5  An  improved  ray  tracing  process  to  handle  the  detailed 
profile  data  and  to  tabulate  the  elevation  correction 
as  a  "fast  function"  of  observed  range  and  elevation. 

-.6  A  fast  process  for  the  on-line  correction  of  plots. 


3.8  While  most  of  the  parts  described  above  are  still  under 
investigation,  we  can  report  an  interesting  success  in 

finding  a  "fast  function"  for  use  in  the  on-line  correction 
of  plots.  The  problem  is  that  the  correction  is  a  non-linear 
function  of  observed  range  and  elevation.  Thus,  a  simple 
tabulation  entails  a  binary  search  for  the  on-line  correction 
process,  and  this  is  slow,  (about  600  usee  has  been  quoted). 
However,  we  have  found  that,  by  forming  specially  structured 
tables  at  the  output  of  the  ray-tracer,  the  on-line  correction 
can  be  turned  into  an  essentially  linear  process  with  an  average 
execution  time  of  about  150  usee.  (Appendix  2) 

3.9  There  are  however  cases  where  it  may  not  be  possible 
to  take  the  desired  soundings  at  the  desired  frequency. 

In  such  cases,  we  may  model  typical  profiles,  from  which,  by 
means  of  an  off-line  ray-tracing  process,  we  can  pre-compute 
sets  of  tables  which  are  held  on  disc  and  can  be  individually 
selected  either  according  to  the  user's  perceptions  of  current 
conditions,  or  according  to  the  time  of  year  and  the  time  of  day. 

3.10  Often,  however,  there  are  problems  in  obtaining  enough 

data  to  construct  basic  models.  Micro  climates  around 

the  world  seem  to  be,  as  yet,  but  little  documented,  and  it  is 

not  a  trivial  matter  to  arrange  the  necessary  data  gathering 

activities  on  a  global  basis. 
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4.  Human  Factors 


4.1  In  all  organisations  which  procure,  supply,  operate,  and 
maintain  radar  systems,  there  are  significant  human  fac¬ 
tors  which  enter  into  the  design  and  implementation  of  an  accep¬ 
table  solution  to  the  problem  of  refractive  bending. 

4.2  The  basic  problem  is  that  only  fairly  recently  have  we 
come  to  see  the  significance  of  the  micro  climate  in  the 

region  of  the  radar,  (Refs  6,7),  and  lay  people  are  often  surp¬ 
rised  to  realise  how  little  we  know  about  the  detailed  structure 
and  dynamics  of  the  micro  climate  around  us. 

4.3  Thus,  there  is  still  quite  widespread  belief  that  older 
systems  had  no  problems  in  dealing  with  refraction.  This 

belief  is  bolstered  by  the  tradition  that  radar  performance  under 
non-standard  tropospheric  conditions  is  outside  the  specifiable 
performance  envelope.  The  tradition  may  still  be  valid  for  ♦'he 
performance  of  the  basic  radar  sensor,  but  its  validity  seems 
questionable  in  the  wider  systems  context. 


4.4  It  may  also  be  difficult  to  get  people  to  accept  respon¬ 
sibility  for  refraction  correction  on  a  regular  basis. 

Traditionally,  it  is  the  job  of  nobody  to  take  detailed  low-level 
soundings  at  a  radar  site  at  frequent  intervals,  to  extract  salient 
points  on  the  refractivity  profile  and  to  supply  the  data  to  the 
on-line  system. 

4.5  However,  if  we  are  generally  right  in  our  estimation  of  the 
significance  of  refractive  bending,  then  the  human  problem  can  be 
clearly  seen  as  needing  a  determined  programme  of  education. 


5.  The  Future 


5.1  Looking  to  the  future,  some  of  the  ways  in  which  we  expect 

our  approach  to  develop  are  :- 

-.1  Modelling  of  typical  profile  development  patterns  to  permit 
forecasting  and  on-line  interpolation  between  soundings. 

-.2  The  use  of  self-piloted  sounding  vehicles  to  give  lateral 
extension  of  the  data  for  a  truly  3-D  approach,  (Ref  8). 

-.3  The  use  of  the  radar  system  itself  as  a  refraction  sensor. 
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APPENDIX  1 

Bending  Sensitivity  Analysis 


A 1  - 1  The  initial  aim  of  this  work  was  simply  to  obtain  figures 
for  the  sensitivity  of  bending  to  variations  in  the  refractivity 
profile. 

A1.2  The  first  approach  was  naive  and  over-complicated  in  that 
it  used  ray-tracing  in  conjunction  with  a  variable  profile.  It  gave 
lots  of  figures,  but  very  little  information,  and  it  was  seen  that 
an  approach  was  needed  which  would  show  the  connections  between 
bending  and  refractivity  much  more  directly. 

A 1 . 3  The  next  approach  was  therefore  based  on  an  assumption  of  a 
linear  profile  over  the  first  50  feet.  The  slope  was  then  varied 
with  a  view  to  finding  a  simple  model  which  would  give  good  insight 
and  quick  estimates  of  the  bending. 

A1.4  The  difficulty  with  this  approach  is  that  the  length  of  the 
ray  through  the  bending  layer  is  a  function  of  the  bending,  which 
throws  us  back  to  ray-tracing. 

A1.5  The  difficulty  can,  however,  be  overcome  if  we  we  define  a 
height  band  of  interest,  through  which  the  ray  undergoes  uniform 
bending,  and  we  then  postulate  rays  of  various  path-lengths  being 
propagated  through  this  layer.  This  is  an  inherently  simple  model 
by  which  we  can  examine  the  relationship  between  the  refractivity 
slope  and  the  bending. 

A1.6  The  following  figures  show:- 

(1)  the  geometry  of  an  exact  solution, 

(2)  the  outline  algorithm  for  the  exact  solution, 

(3)  the  geometry  of  a  simple  approximate  solution, 

(4)  extracts  from  a  program  to  evaluate  the  parameters 

A1.7  As  can  be  seen  from  the  figures,  it  is  much  easier  to  get 
an  exact  solution  if  we  define  the  ground-range  rather  than  the 
path  length.  As  the  distances  are  nearly  equal,  especially  when 
there  is  a  lot  of  bending,  our  feel  for  the  problem  is  not  much 
aff  ected . 

A1.8  The  tables  which  follow  show  the  correspondence  between 
the  bending  in  a  defined  surface  layer,  the  N-gradient  in  the  layer, 
the  difference  in  the  value  of  N  across  the  layer,  and  the  effect 
of  the  bending  on  the  apparent  height  of  an  aircraft  at  200  n.m. 


Figure  A1(1) 

Geometry  of  exact  solution 


/ 

S 

s 

s 

^  Outline  Algorithm  for  Exact  Solution 

1 .  Compute  angle  subtended  at  centre  of  earth  by  ground-range  arc 
C  =  Le  /  Re 

2.  Compute  Cartesian  position  of  A: 

=  Ax,  Ay  =  0,Re 

3.  Compute  Cartesian  position  of  B: 

Bx  =  (Re  +  He)  Sin  C 

By  =  (Re  +  He)  CosC 

4.  Compute  position  of  P  =  Px,Py 

5.  Compute  equation  of  line  PF,  passing  through  Px,Py  and 
perpendicular  to  line  AB 

6.  Compute  position  of  F  =  Fx,Fy 

7.  Compute  radius  of  curvature  of  ray  Rr  =  FB 

8.  Compute  the  refractivity  gradient 
dn/dh  =  1  /  Rr 
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Figure  A1(3) 

Extracts  from  bending  analysis  program 


c  Evaluate  the  bending  formulae  at  the  specified  intervals 

DO  240  1=1,25 
C=L( I )/RE 

C  Evaluate  the  approximate  bending  formula 

APPRX= (C/2)- (H/L (I) ) 

C  Compute  the  exact  value 

RH=RE+H 

B1=RH*SIN(C) 

B2=RH*C0S(C) 

P1=0.5*B1 

P2=0.5*(B2+RE) 

F2=0.5*((RH««2)-RE»*2)/(RH*C0S(C)-RE) 

PBIsBI-PI 

PB2=B2-P2 

PBLENG=((PB1*#2)+(PB2»*2))*«0.5 

BFIa-BI 

BF2=F2-B2 

BFLENG=((BF1**2)+(BF2*«2))»*0.5 

ST=PBLENG/8FLENG 

BETA=ASIN ( ST ) 

c  Compute  the  profile  slope 

DNDH=-2*( 10**6 )*BETA/L(I ) 

C  Compute  the  refractivity  difference 

NDIFF =DNDH*H 

C  Compute  the  height  difference  at  200  n.m. 

FEET =6030*200*B ETA 
c  Output  the  results 

C  Increment  the  ground  range 

LCI+1 )=L(I )+DL 


240 


CONTINUE 
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Table  A1(1) 

Launch  angle  =  0.0  deg. 


Height 

of  layer  = 

13  metres 

• 

LENGTH 

APPROX 

SENDING 

DN/DH 

N-DIFF 

KM 

DEG 

DEG 

N/KM 

AT  H 

20.0 

0.0527 

0.0526 

-91.8 

-1.193 

22.0 

0.0651 

0.0647 

-102.6 

-1.334 

24.0 

0,0769 

0.0766 

-111.4 

-1 .448 

26.0 

0.0883 

0.0880 

-118.1 

-1 .535 

28.0 

0.0993 

0.0989 

-123.3 

-1.603 

30.0 

0.1101 

0.1098 

-127.7 

- 1 .661 

32.0 

0.1206 

0.1203 

-131.3 

-1.707 

34.0 

0.1310 

0.1307 

-13«.2 

-1 .744 

36.0 

0,1412 

0.1409 

-136.6 

-1.776 

38.0 

0.1513 

0.1510 

-138.7 

-1.803 

40.0 

0.1612 

0.1610 

-140.5 

-1 .826 

42.0 

0.1711 

0.1709 

-142.0 

-1 . 846 

44.0 

0.1809 

0.1807 

-143.3 

-1.863 

46.0 

0.1907 

0.1904 

-144.5 

-1 .878 

48.0 

0.2003 

0.2001 

-145.5 

-1 .892 

50.0 

0.2099 

0.2097 

-146.4 

-1.903 

52.0 

0.2195 

0.2193 

-147.2 

-1.914 

54.0 

0.2290 

0.2288 

-147.9 

-1.923 

56.0 

0.2385 

0.2383 

-148.6 

-1.931 

58.0 

0.2480 

0.2478 

-149.1 

-1.939 

60.0 

0.2574 

0.2572 

-149.6 

-1.945 

62.0 

0.2668 

0.2666 

-150.  1 

-1.951 

64.0 

0.2761 

0.2760 

-150.5 

-1.957 

66.0 

0.2855 

0.2853 

-150.9 

-1 .962 

68.0 

0.2948 

0.2947 

-151.3 

-1 . 966 

Table  A1(2) 


Launch  angle  =0.0  deg 


HEIGHT 

OF  LATER 

=  26  metres 

LENGTH 

APPROX 

BENDING 

DN/DH 

N-DIFF 

KM 

DEG 

DEG 

N/KM 

AT  H 

20.  Q 

0.0154 

0.0165 

-28.8 

-0.749 

22.0 

0.0312 

0.0316 

-50.1 

-1 .302 

24.0 

0.0458 

0.0462 

-67.2 

-1 .748 

26.0 

0.0596 

0.0599 

-80.4 

-2.090 

28.0 

0.0727 

0.0727 

-90.7 

-2.358 

30.0 

0.0852 

0.0854 

-99.3 

-2.583 

32.0 

0.0973 

0.0975 

-106.3 

-2.764 

34 .0 

0.1091 

0.1091 

-112.0 

-2.912 

36.0 

0.1205 

0. 1204 

-116.8 

-3.036 

38.0 

0.1317 

0.1316 

-120.9 

-3.144 

40.0 

0.1426 

0.1426 

-124.4 

-3.235 

42.0 

0.1534 

0.1534 

-127.5 

-3.315 

44.0 

0.1640 

0.1639 

-130.1 

-3.382 

46.0 

0. 1745 

0. 1744 

-132.4 

-3.441 

48.0 

0. 1848 

0.1847 

-13«.3 

-3.493 

50.0 

0.1950 

0.1950 

-136.1 

-3.540 

52.0 

0.2052 

0.2052 

-137.7 

-3.581 

54.0 

0.2152 

0.2152 

-139.1 

-3.617 

56.0 

0.2252 

0.2252 

-140.4 

-3.649 

58.0 

0.2351 

0.2351 

-141.5 

-3.679 

60.0 

0.2450 

0.2449 

-142.5 

-3.705 

62.0 

0.2548 

0.2547 

-143.4 

-3.729 

64.0 

0.2645 

0.2645 

-144.3 

-3.751 

66.0 

0.27«2 

0.2742 

-145.0 

-3.770 

68.0 

0.2839 

0.2838 

-145.7 

-3.788 

FEET 
AT  200NM 

1115.8 

1372.7 
1625.“ 

1866.6 

2099.5 

2329.8 

2554.1 

2773.7 

2989.6 

3204.4 

3416.2 

3627.1 

3834.5 

4041.3 

4246.5 

4451.1 

4654.4 

4856.7 

5057.9 

5258.8 

5458.9 

5658.3 

5857.4 

6055.6 

6253.6 


FEET 
AT  200NM 

350.4 

669-8 

981.3 

1270.6 

1543.7 

1812.0 

2068.4 

2315.6 

2555.7 

2793.6 

3025.8 
3256.0 

3479.4 

3701.7 

3920.8 

4138.8 

4354.2 

4567.5 

4778.8 

4989.5 

5198.6 
5«06.2 
5613.« 

5818.7 

6023.6 


Table  A1 (3) 

Launch  angle  =  0.0  deg 


HEIGHT 

OF  LATEH  s 

13  metres 

LENGTH 

APPROX 

BENDING 

DN/DH 

N-DIFF 

FEET 

KM 

DEG 

DEG 

X/fCM 

AT  H 

AT  20 ONM 

20.0 

0.0527 

0.0526 

-91.8 

-1.193 

1115.8 

25.0 

0.0826 

0.0821 

-114.6 

-1.490 

1741 .6 

30.0 

0.1101 

0.1098 

-127.7 

-1.661 

2329.8 

35.0 

0.1361 

0.1358 

-135.4 

-1.761 

2882.3 

40.0 

0.1612 

0.1610 

-140.5 

-1.826 

3416.2 

45 .0 

0. 1-858 

0.1856 

-144.0 

-1.871 

3938.8 

50.0 

0.2099 

0.2097 

-146.4 

-1.903 

4451.1 

55.0 

0.2338 

0.2336 

-148.2 

-1.927 

4957.2 

60.0 

0.2574 

0.2572 

-149.6 

-1.945 

5458.9 

65.0 

0.2808 

0.2807 

-150.7 

-1.959 

5956.4 

70.0 

0.3041 

0.3040 

-151.6 

-1.971 

6451.4 

75.0 

0.3273 

0.3272 

-152.3 

-1.980 

6943.6 

80.0 

0.3504 

0.3503 

-152.8 

-1.987 

7434.3 

85.0 

0.3734 

0.3733 

-153-3 

-1.993 

7923.1 

90.0 

0.3964 

0.3963 

-153.7 

-1.998 

8410.8 

95.0 

0.4193 

0.4192 

-154.0 

-2.002 

8897.3 

100.0 

0.4422 

0.4421 

-154.3 

-2.006 

9383.0 

105.0 

0.4651 

0.4649 

-154.6 

-2.009 

9867.7 

110.0 

0.4879 

0.4878 

-154.8 

-2.012 

10351.8 

115.0 

0.5106 

0.5105 

-155.0 

-2.015 

10835.3 

120.0 

0.5334 

0.5333 

-155.1 

-2.017 

11318.3 

125.0 

0.5561 

0.5560 

-155.3 

-2.019 

11800.8 

130.0 

0.5788 

0.5787 

-155.4 

-2.020 

12282.9 

135.0 

0.6015 

0.6014 

-155.5 

-2.022 

12764.6 

140. 0 

0.6242 

0.6241 

-155.6 

-2.023 

13246.1 

Table  . 

A1(4) 

Launch 

angle  s  0 

•  0  deg 

HEIGHT 

OF  LATER 

=  26  metres 

LENGTH 

APPROX 

BENDING 

DN/DH 

N-DIFF 

FEET 

KM 

DEG 

DEG 

N/KM 

AT  H 

AT  200NM 

20.0 

0.0154 

0.0165 

-28.8 

-0.749 

350.4 

25.0 

0.0528 

0.0526 

-73.5 

-1.911 

1117.3 

30.0 

0.0852 

0.0854 

-99.3 

-2.583 

1812.0 

35.0 

0.1148 

0.1148 

-114.5 

-2.978 

2437.0 

40.0 

0.1426 

0.1426 

-124.4 

-3.235 

3025.8 

45.0 

0.  1692 

0.1693 

-131.3 

-3.414 

3592.3 

50.0 

0.1950 

0. 1950 

-136.1 

-3.540 

4138.8 

55.0 

0.2202 

0.2202 

-139.7 

-3.633 

4672.9 

60.0 

0.2450 

0.2449 

-142.5 

-3.705 

5198.6 

65.0 

0.2694 

0.2693 

-144.6 

-3.760 

5715.9 

70.0 

0.2935 

0.2935 

-146.3 

-3.805 

6228.1 

75.0 

0.3174 

0.3173 

-147.7 

-3.840 

6735.1 

80.0 

0.3411 

0.3411 

-148.8 

-3.869 

7238.8 

85.0 

0.3647 

0.3647 

-149.7 

-3.893 

7739.1 

90.0 

0.3881 

0.3881 

-150.5 

-3.914 

8237.0 

95.0 

0.4115 

0.4115 

-151.2 

-3.931 

8732.5 

100.0 

0.4348 

0.4347 

-151.8 

-3.946 

9226.6 

105.0 

0.4580 

0.4579 

-152.2 

-3.958 

9718.7 

110.0 

0.4811 

0.4811 

-152.7 

-3.969 

10209.6 

115.0 

0.5042 

0.5041 

-153.0 

-3.979 

10699.2 

120.0 

0.5272 

0.5272 

-153.3 

-3.987 

11187.9 

125.0 

0.5502 

0.5501 

-153.6 

-3.994 

11675.6 

130.0 

0.5731 

0.5731 

-153.9 

-4.001 

12162.6 

135.0 

0.5960 

0.5960 

-154.1 

-4.007 

12648.7 

140.0 

0.6189 

0.6189 

-154.3 

-4.012 

13139.3 
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APPENDIX  2 


Summary  of  report 

"Fast  On-Line  Refraction  Correction  Algorithms" 
by  Lesley  Thexton  and  Helen  Coslett 
December  1981 


THE  AIM 


A2.1  The  aim  was  to  devise  a  new  on-line  refraction  correction 
procedure  which  would  reduce  the  average  run-time  from  6Q0usecs  to 
under  lOOusecs  and  with  a  computational  accuracy  of  +/-  0.005  deg 
or  better.  The  size  of  the  elevation  correction  table  was  to  be 
under  200  words.  The  processor  is  a  PD P 1 1 / 3^  . 

THE  METHOD 


Format  of  Tables 


A2.2  A  temporary  elevation  correction  table,  CRKN,  is  set  up  by 
the  Refraction  Compiler  with  42  elevations  and  8  ranges.  The  first 
7  ranges  are  evenly  spaced;  the  eighth  is  the  maximum  range  of  the 
radar  and  is  used  purely  for  interpolation  with  the  previous  range. 

A2.3  Two  sets  of  smaller  tables  are  then  formed  which,  for  each 
tabulated  range  in  CKRN ,  give  the  corrections  at  8  evenly  spaced 
low  elevations  and  8  evenly  spaced  high  elevations.  (The  spacing 
is  usually  wider  for  the  higher  elevations).  In  addition,  there 
is  a  table  of  zero  corrections  at  zero  range,  giving  a  total  of 
17  tables. 

A2.4  For  each  tabulated  range,  a  critical  angle  is  tabulated, 
below  which  the  lower  table  is  used,  and  above  which  the  upper 
table  is  used. 

A2.5  Also,  for  each  of  the  17  tables,  a  shift  value  is  tabulated 
which  is  used  in  the  truncation  of  the  plot  elevation,  as  described 
below. 


Calculation  of  Corrected  Elevation 


A2.6  To  correct  the  elevation  of  a  plot,  the  tabulated  range 
immediatly  below  the  plot  range  is  obtained  by  truncating  the  plot 
range  to  3  bits. 

A2.7  The  plot  elevation  angle  is  then  compared  with  the  critical 
angle  at  the  tabulated  range  to  determine  whether  the  upper  table 
is  to  be  used,  or  the  lower  table.  If  the  upper  table  is  used, 
the  critical  angle  is  subtracted  from  the  plot  angle  to  give  the 
angle  relative  to  the  start  of  the  table. 

L 
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A2.8  The  relative  angle  is  then  right-shifted  by  the  number  of 
places  tabulated  for  the  selected  table.  (Para  A2.5  above).  This 
gives  an  offset  in  the  range  0-7,  which  is  used  as  a  pointer  to  the 
correction  value  at  this  range  and  angle.  By  this  technique,  high 
angles,  at  which  corrections  are  generally  smaller,  are  truncated 
more  than  low  angles,  thus  giving  approximately  uniform  accuracy  of 
the  angular  correction  over  the  operational  range. 

A2.9  The  process  is  then  repeated  for  the  next  higher  tabulated 
range  and  a  linear  interploation  in  range  is  performed  on  the  two 
correction  values  thus  obtained. 

A2.10  The  resultant  correction  value  is  added  to  the  original 
elevation  to  give  the  corrected  elevation. 

THE  RESULTS 


A2.11  The  worst  computational  error  seems  to  be  0.015  deg.  and 
results  are  generally  more  accurate  than  this. 

A2.12  The  main  correction  table  uses  136  words.  The  table  of 
critical  elevations  uses  9  words.  The  table  of  shift  values  uses 
17  bytes. 

A2.13  For  negative  elevations,  we  use  the  correction  values  at 
zero  elevation. 

A2.14  The  run  time  is  reduced  from  600u  secs  to  140u  secs. 


} 

i 
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DISCUSSION 


E.  E.  Altshuler  (U.S.):  Have  you  considered  using  "targets  of  opportunity"  such  as  satellites  or  radio 
sources  (the  limb  of  the  sun  or  other  strong  sources)  for  obtaining  pointing  corrections? 

A.  Morley  ( U.K .):  We  have  not  given  serious  cons iderat ion  to  your  suggestion,  since  we  believe  it  to  be 
impractical  in  operational  situations. 

F.  Thomsen  (Denmark):  1)  Errors  in  height  measurements  are  mostly  caused  by  ground  based  ducts 

originated  from  evaporation  at  the  sea  surface,  while  the  upper  atmosphere  can  be  regarded  as  stable. 

Do  you  think  it  is  possible  to  perform  a  correction  based  on  surface  data  or  data  from  the  lower  part  of 

the  atmosphere? 

2)  Do  you  think  a  measurement  of  the  temperature  profile,  without  finding  the  corresponding  pressure 
and  water  vapor  content,  can  be  used  to  calculate  approximately  the  refract  ivity  profile? 

3)  In  a  tactical  situation,  the  height  measured  by  the  aircraft  pressure  altimeter  and  transmitted 

in  the  IFF  Mode  C  should  be  neglected.  Do  you  think  the  height  measurement  errors  due  to  refraction  have 

any  tactical  impact  as  long  as  the  intercepting  aircraft  and  the  target  aircraft  are  tracked  from  the 

same  radar? 

A.  Morley  (U.K.) :  1)  In  our  situations,  we  generally  do  not  have  any  ducting  problems.  It  is  important 

to  have  meteorological  data  at  all  altitudes,  although  having  the  data  does  not  necessarily  solve  the 
problems,  especially  where  ducts  are  present.  It  is  difficult  to  make  corrections  in  ducting  situations. 

Even  with  very  comprehensive  meteorological  information  available,  it  is  sometimes  difficult  to  predict 
ducting  situations. 

2)  You  need  both  pressure  and  humidity  profiles,  as  well  as  the  temperature  profile  in  order  to 
calculate  the  refractivity  profile  N  with 

N  =  77.6  P/T  +  3.77  x  105  H/T2  , 

where  P,  T,  and  H  are  pressure,  temperature,  and  humidity,  respectively. 

3)  In  a  tactical  situation,  one  cannot  necessarily  trust  the  Mode  C  data  transponded  by  an 
opponent.  However,  it  is  still  important  to  apply  refraction  correction  to  primary  elevation  data  because 
an  interceptor  still  requires  a  commanded  absolute  height.  One  is  not  always  involved  in  the  relative 
height  between  two  aircraft. 

T.  Almond  (U.K.):  1)  Mode  C:  have  you  considered  the  errors  inherent  in  the  d-factor? 

2)  Performance:  it  must  be  difficult  to  determine  refractive  corrections  when  the  PSR  height  finding 
performance  (in  my  experience)  is  only  accusable  to  +_  3000  feet  (or  worse)  at  ranges  in  excess  of  100  NM. 

A.  Morley  (U.K.):  1)  We  store  actual  and  ICAO  standard  pressures  as  a  function  of  height  in  our  systems 

in  order  to  make  d-factor  corrections  in  both  directions. 

2)  With  sufficient  meteorological  data,  it  is  not  difficult  to  determine  refraction  correction. 

At  ranges  in  excess  of  100  nautical  miles  at  low  elevation  angles,  the  refraction  correction  can  be  much 
greater  than  the  measurement  accurgcy  components  (forQexamp1e,  exponential  atmosphere,  range  is  500  km, 
elevation  is  0  ,  correction  is  0.6  ,  and  error  is  0.1  ). 

K.  Anderson  (U, S„):  1)  With  respect  to  E.  Altschuler's  comments  on  targetting  aircraft,  we  find  it 

extremely  difficult  in  any  operational  situation.  It  is  practical  in  a  strictly  scientific  environment. 

2)  We  need  to  have  the  full  refractivity  profile.  Our  interest  is  more  in  ducting  app I i cat i ons ,  which 
are  the  very  severe  problems.  This  requires  either  the  ref ractometer  or  the  balloon  launched  radiosonde, 
and  we  find  that  the  latter  is  more  than  adequate  for  describing  the  environmental  conditions.  Gross 
features  are  the  dominant  characteristics,  not  the  fine  scale  (10  or  I  meter  samples),  that  influence 

radar  performance.  We  looked  at  very  low  level  observations  of  satellites  to  try  to  infer  the  refractivity 
profile  (described  by  Ted  Almond),  but  fine  scale  turbulent  structures  destroy  the  patterns.  You  might 
use  satellites  for  transmissions  through  the  atmosphere  to  infer  the  refractivity  structure,  but  you 
will  have  no  information  on  ducting  effects.  Your  low  level  (1000  feet)  duct  will  hurt  you  most,  but  it 
cannot  be  picked  up  because  not  enough  of  the  path  goes  through  it. 

3)  Again,  I  was  not  implying  use  of  satellites  for  refractivity  profiles,  but  just  using  them  to 
determine  the  position  of  satellites  and  using  that  as  a  course  correction  for  your  angles  is  extremely 
difficult  in  the  operational  mode.  Scientifically  it  can  be  done. 
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EFFECT  OF  MULTIPLE  SCATTERING  fN  THE  PROPAGATION 
OF  LIGHT  BEAMS  IN  DENSE  NONHOMOGENEOUS  MEDIA 

P. Bruscag 1 ioni ,  A.Ismaelli,  L. Lo  Porto, G. Zaccanti 

Istituto  di  Fisica  Superiore,  UniversitS  di  Firenze 
Via  Santa  Marta,  3 
50139  Firenze,  Italy 

SUMMARY 

V 

Calculations  performed  by  means  of  a  Monte  Carlo  method  show  that  the  contribution 
of  forward  single  and  multiple  scattering  to  the  received  power  in  an  optical  transmis¬ 
sion  link  through  a  turbid  atmosphere  increases  when  the  scattering  medium  is  more  con¬ 
centrated  near  the  receiver.  An  experimental  check  of  this  result  is  also  presented. 

r 

LIST  OF  PRINCIPAL  SYMBOLS 


a 

D 

p 

a 

0 

L  (6) 


oD 


•D 

o  (x) 

r~\ 


dx 


scattering-extinction  coefficient  of  the  medium  (m  ) 
link  distance  between  transmitter  and  receiver 
radius  of  the  receiver's  optical  aperture 
receiver's  F.O.V.  semiangle 
scattering  angle 

scalar  scattering  function  of  the  medium,  normalized  over  the  complete 

solid  angle:  f  _ 

|  L(8)  dfi  =  1 

1  4  TT 

axis  of  the  laser  beam 

link  optical  depth  in  case  of  homogeneous  medium 
link  optical  depth  for  a  nonhomogeneous  medium. 


1.  INTRODUCTION 

Deviation  from  the  Lambert-Beer  law  for  the  transmission  of  light  beams  and  pulses 
through  a  turbid  atmosphere  can  be  caused  by  forward  single  and  multiple  scattering. 

The  contribution  of  singly  forward  scattered  light  to  the  received  power  can  be  evalua¬ 
ted  by  simple  geometrical  considerations  as  shown  by  Deepak  and  Box  (1) (2),  if  the  spa¬ 
tial  and  angular  characteristics  of  link,  beam,  and  receiver  are  given, and  one  assumes 
the  scattering  properties  of  the  medium.  Multiple  scattering  effects  raise  when  the 
optical  depth  of  the  medium  grows  over  some  limit  determined  by  the  properties  of  the 
medium  and  the  characteristics  of  the  apparatus. 

The  theoretical  problem  of  multiple  scattering  has  been  studied  by  solving  the 
small  angle  approximation  of  the  radiative  transfer  equation  by  Stotts,  Deepak  et  al, 

Tam  and  Zardecki  (3)  (4)  (5)  (6).  The  case  of  a  reflecting  target  present  in  the  transmis¬ 
sion  link  was  also  dealt  with  by  Zardecki  et  al,by  means  of  a  numerical  integration  of 
the  transfer  equation  (7) .  Monte  Carlo  methods  were  also  used  to  study  the  propagation 
of  light  pulses  through  dense  media  (Bucher  (8)).  Experiments  on  the  propagation  of 
light  pulses  scattered  and  diffused  by  thick  clouds  showed  that  possible  large  tempo¬ 
ral  spread  of  the  pulses  shape  can  be  caused  by  multiple  scattering  (Bucher  and  Lerner, 
Mooradian  et  al.,  Mooradian  and  Geller  (9)  (10)  (ID). 

The  results  of  the  above-mentioned  studies  show  that,  even  in  the  simpler  case  of 
a  homogeneous  turbid  medium,  for  which  the  numerical  density  of  the  diffusing  particles, 
their  size  distribution  and  scattering  properties  do  no  vary  along  the  whole  transmis¬ 
sion  link,  the  contribution  of  the  scattered  radiation  to  the  received  power  depends 
in  a  complicated  way  on  the  actual  combination  of  the  many  parameters  describing  the 
particular  link  situation. 

The  possible  presence  of  nonhomogeneities  in  the  medium  increases  the  number  of 
practical  situations  to  be  investigated.  In  this  paper  we  present  the  results  of  calcu¬ 
lations  aimed  to  study  the  effect  of  strong  nonhcmogeneities  of  the  medium.  For  some 
simple  configurations  of  the  scattering-extinction  coefficient  profiles  along  the  tran¬ 
smission  path,  a  comparison  is  made  between  the  calculated  received  power,  and  the  power 
which  would  be  received  for  a  transmission  link  involving  a  homogeneous  medium  presen¬ 
ting  the  same  optical  depth.  The  calculations  are  made  by  means  of  *  version  of  the 
Monte  Carlo  method,  which  was  used  for  light  propagation  studies  by  Roole  et  a 1 . (12) ,  as 
well  as  by  the  present  authors  (13),  with  reference  to  the  Lidai  technique.  Details  on 
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the  Monte  Carlo  (M.C.)  method  will  be  resumed  in  sect. 2,  where  two  scaling  formulae, 
used  to  treat  the  variation  of  two  parameters  of  the  link,  will  be  introduced. 


Fig.1  -  Scheme  of  the  transmission  link.  Fig. 2  -  Profiles  of  the  extinction  coeffici- 

S:  beam  source, A:area  of  the  receiver  ent  .  A:Step,  B:Bank.x^-x^=D/10 

The  geometrical  scheme  of  the  problem  is  shown  in  Fig.1,  where  S  is  the  source  of  a 
laser  beam,  A  is  the  position  of  the  receiver,  p  is  the  radius  of  the  receiver's  circu¬ 
lar  area,  a  is  the  semiangular  aperture  of  the  receiver's  field  of  view  (F.O.V.).  The  x 
axis  is  the  symmetry  axis  of  the  beam  and  of  the  source-receiver  system.  In  this  paper 
the  single  scattering  albedo  will  be  assumed  equal  to  one,  so  that  the  scattering  coef¬ 
ficient  and  the  extinction  coefficient  will  be  assumed  equal. The  case  of  a  plane  strati¬ 
fied  medium,  where  a  =  o(x),  is  considered.  A  scalar  scattering  function  has  been  commonly 
used  in  the  theoretical  problem  of  multiple  scattering  of  light  beams  through  fogs  or 
clouds.  This  limitation  can  be  accepted  since  the  received  power  is  often  the  interesting 
quantity,  irrespective  of  the  polarization  characteristics  of  the  radiation.  The  small 
scattering  angle  assumption  concerning  the  direction  of  the  scattered  power  with  respect 
to  the  direction  of  the  emitted  beam,  is  consistent  with  the  choice  to  neglect  depolari¬ 
zation  effects  for  a  transmission  link,  .when  the  scattering  particles  present  in  the  me¬ 
dium  can  be  assumed  to  be  spherical,  like  in  water  fog  or  clouds.  Depolarization  effects 
are  taken  into  account  and  have  been  measured  in  experiments  concerning  radiation  back- 
scattered  by  dense  media  (Carswell  and  Pal  (14)  (15)). 


For  our  calculations,  the  light  beam  emitted  by  the  source  will  be  modelled  as  a 
collimated  cylindrical  beam,  whose  power  density  presents  a  gaussian  dependence  on  the 
distance  y  from  the  x  axis  of  symmetry.  The  cross  section  of  the  cylindrical  beam  is 
assumed  to  be  equal  to  the  cross  section  presented  at  the  receiver  distance  by  a  gaussian 
beam  having  a  certain  divergence  angle  e.  This  equivalence  is  justified  when  c  is  small, 
so  that  the  scattering  angles,  evaluated  by  means  of  the  M.C.  method,  differ  by  a  very 
small  amount  for  the  two  geometries.  (This  scheme  was  used  for  instance  in  Ref.  (7)).  Thus 
the  power  density  Pe<y).  of  the  emitted  beam  is  given  as: 


(1) 


2  2  2 
Pe  ( y)  =  a  exp  (-6  y  )  (W/m  ) 


a,  6  constants 


and  is  independent  of  x.  The  direction  of  power  flow,  in  a  vacuum,  is  the  x  direction 
over  the  whole  cross  section  of  the  beam. 


The  results  of  the  calculations  will  be  presented  in  sect. 4.  As  a  common  feature  of 
the  results,  it  will  be  shown  that,  when  the  scattering  medium  is  concentrated  nearer  to 
the  receiver,  the  contribution  of  multiple  scattering  to  the  received  power  increases 
with  respect  to  the  case  of  a  homogeneous  medium  with  the  same  optical  depth.  This  effect 
will  be  found  as  very  strong  for  some  of  the  considered  cases.  An  experimental  confirma¬ 
tion  of  this  effect  has  been  obtained  with  laboratory  measurements,  where  the  diffusing 
medium  was  formed  by  heating  water  at  the  basis  of  a  cubic  box  (1m  size)  and  by  cooling 

the  vapors  by  means  of  circulating  liquid  nitrogen  at  the  box  top.  Fog  was  obtained 

within  the  box  through  which  a  laser  beam  (X  =  .63u)  was  passed.  The  box  was  placed  in 
different  positions  along  the  path  of  the  beam.  As  will  be  shown  in  sect. 5  the  effect  of 
multiple  scattering  resulted  much  stronger  for  the  position  of  the  box  nearest  to  the 

receiver.  A  case  of  measurements  for  a  homogeneous  medium  will  also  be  reported. 

2.  MONTE  CARLO  METHOD  -  TWO  SCALING  FORMULAE 


Fig. 3  shows  the  scheme  used  for  the  M.C.  calculations.  The  source  S  emits  a  thin 
beam  of  radiation  in  the  x  direction.  (The  case  of  a  finite  cross-section  beam  can  be 
dealt  with,  by  using  the  results  of  the  case  of  an  infinitely  thin  beam,  as  explained 
later  in  this  section).  Following  the  " semianalytical"  M.C.  procedure,  as  it  was  called 
by  Poole  (12),  a  random-number-generating-routine  is  used  to  determine  the  lengths  and 
the  directions  of  the  parts  composing  the  broken  line  representing  a  possible  trajectory 
of  a  "photon",  undergoing  a  scattering  action  at  each  bending  point  of  the  broken  line 


(points  Pj,P  ...  of  Fig. 3).  Let  us  first  consider  the  case  of  a  homogeneous  medium, 
for  which  o  is  independent  of  x.  For  each  "emitted  photon",  the  random  procedure  is 
employed  to  determine  the  positions  of  the  point  ,  P  .  .  . P  ...  where  the  first,  second, 
...  mth. . .  scattering  events  occur.  For  each  of  these  poin?s,  for  example  for  point  P  , 


Fig. 3  -  Scheme  for  the  Monte  Carlo  calcula-  Fig. 4  -  Scheme  used  to  deduce  the  scaling 
tions.  formula  of  eq.5. 

one  can  evaluate  the  probability  p^  that  the  "photon"  will  be  received  by  an  element  of 
area  aA  of  a  receiver  placed  at  a  point  PR  having  a  distance  R  from  the  x  axis,  without 
encountering  any  further  scattering  action. 

(2)  p 


AA  .  - 

'2  MVe 

r 


=  0 


where  r  is  the  distance  between  P 
the  medium,  e 
scattering  functions  have  been  used) . 


U13taiK.C  UCLWCCII  c  ^  and  PR,  and  L(e ,)  indicates  the  scattering  function  of 
is  the  scattering  angle  as  indicated  in  Fig. 3  (in  our  calculations ,  scalar 


By  following  this  procedure,  each  single  "photon"  path  is  used  to  study  the  effects 
of  the  different  orders  of  scattering.  After  having  determined  the  positions  of  the  points 
Pk<  up  to  a  certain  chosen  order  of  scattering,  p  is  readily  evaluated.  Thus,  no  large 
increase  of  time  is  necessary  to  repeat  the  calculation  of  p^  by  varying  R  and  D,  and  one 
can  easily  study  the  influence  of  the  receiver's  parameters.  In  our  calculations,  a  very 
small  AA  has  been  chosen,  so  that  eq. (2)  can  be  used  even  when  happens  to  be  near  the 
receiver.  If  the  function  SR  represents  the  contribution  of  the  Kth  order  of  scattering 
to  the  received  power  per  unit  area  at  PR,  when  a  unit  power  is  emitted,  one  has: 


(3) 


£pk 


Sk  Ian” 
t 


where  the  sum  is  made  of  the  values  of  p^,  resulting  from  the  complete  set  of  "photons" 
emitted  by  the  source,  whose  number  is  N^.  Given  the  scattering  function  of  the  medium, 
SR  is  a  function  of  o,R,D,a.  An  integration  over  the  receiver  area  gives  the  received 
power.  Simple  modifications  of  the  calculation  program  are  necessary  if  one  then  assumes 
that  o  has  a  simple  dependence  on  x,  like  the  one  described  in  sect. 3. 

Given  a  scattering  point  one  only  has  to  take  into  account  that  the  probability  of 
beeing  scattered  for  a  photon  depends  on  the  position  along  the  direction  of  motion,  and 
that  the  probability  function  p^  of  eq. 2  contains  the  exponential  factor  exp(-j  o(e)de) 
where  L  is  the  rectilinear  distance  from  the  scattering  point  to  AA.  L 

M.C.  methods  offer  the  possibility  of  handling  complicated  situations.  On  the  other  hand 
a  shortcoming  of  the  methods  comes  from  the  possible  long  calculation  time  necessary  for 
obtaining  statistically  reliable  results. 


For  our  problem,  two  possibilities  of  reducing  the  calculation  time  have  been  con¬ 
sidered.  First,  the  M.C.  calculations  have  been  performed  by  considering  a  very  thin 
beam,  coincident  with  the  x  axis  of  Fig.1,  carrying  unitary  power.  In  order  to  use  the 
results  of  these  calculations  to  deal  with  the  case  of  a  finite  cross  section  beam,  one 
has  to  calculate  the  received  power  S  per  unit  element  of  the  receiver  area,  as  a  func¬ 
tion  of  the  radial  distance  R  of  the  element  from  the  x  axis:  S  =  S  (R) .  The  case  of  a 
cylindrical  beam  is  then  dealt  with,  by  ideally  dividing  the  beam  in?o  very  thin  parallel 
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sub-beams,  each  carrying  the  appropriate  quantity  of  power.  For  each  sub-beam  the  assu¬ 
med  circular  area  of  the  receiver  is  divided  into  (partial  or  complete)  circular  annuli 
of  small  width,  centred  on  the  intersection  point  of  the  subbeam  with  the  receiver  area. 
The  contribution  of  the  sub-beam  to  the  power  received  through  each  circular  annulus  is 
obtained  by  using  the  calculated  function  S  ( R) .  This  calculation  step,  giving  the  re¬ 
sults  for  a  finite  cross  section  beam  by  using  the  results  valid  for  the  case  of  a  zero 
cross  section,  does  not  substantially  increase  the  calculation  time  in  comparison  with 
the  M.C.  procedure.  Further,  in  many  cases,  especially  for  high  orders  of  scattering  and 
for  small  p  and  large  D,  S  results  as  to  almost  independent  of  R,  and  the  extension  to 
the  case  of  a  finite  cross  section  beam  is  straightforward.  The  assumption  that  the  seg¬ 
ments  componing  the  broken  line  representing  a  photon  path  have  a  small  inclination  with 
respect  to  the  beam  exis  (small  angle  approximation) ,  allows  one  to  perform  M.C.  calcu¬ 
lations  for  a  single  value  of  a  and  of  D. 

By  first  making  reference  to  the  case  of  a  homogeneous  medium,  Fig. 4  is  used  to  show 
how  the  results  obtained  for  one  value  of  D,  can  be  scaled  to  obtain  the  values  of  S 
for  other  values  of  D.  Let  us  consider  a  broken  path  (a)  S  P  P  PR  arriving  at  point 
Pp  of  the  receiver.  The  path  (b)  S  pi'P2,P3'Pr  is  obtained  from  the  previous  one  by  mul¬ 
tiplying  the  distance  for  the  same  factor  c,  with  the  same  scattering  angles,  (b)  repre¬ 
sents  the  path  analogous  to  (a)  when  the  distance  D  is  multiplied  by  the  factor  c;  o  is 
considered  equal  in  the  two  cases.  Let  us  assume  that  the  probability  of  obtaining  the 
path  (a)  is  p  .  The  probability  p  of  obtaining  (b)  is  evaluated  from  p  ,  by  taking  in¬ 
to  account  that  the  attenuation  along  the  tract  pmpm+1 •  to  expt-r^  m+i°)'  becomes 

equal  to  exp(-r^  o] ,  for  the  tract  P'P1  where  r  is  the  distante  pm”pm+i •  ^be 

total  attenuatioAmalong  the  complete  pa?h  changes  from' exp  ( -oL)  to  exp ( -oLc) ,mwhere  L  is 
the  length  of  (a) .  The  probability  for  the  "photon"  to  be  scattered  within  a  tract  AS 
about  the  point  P  ,  equal  to  oAS,  becomes  equal  to  cats,  for  the  path  (b)  and  a  tract  cAS 

about  P‘ .  The  ratio  between  the  two  probabilities  p  and  p,  results  as 
m  rb 

(4)  -2  =  ?*Eli£liL2tL 

P,  ^ 

b  c 

where  K  is  the  number  of  scattering  events  along  the  path  (a) .  The  point  p^  is  at  a  di¬ 
stance  R‘  =  cR  from  the  x  axis.  In  order  to  scale  the  results  obtained  for  a  receiver 
of  area  A  at  a  distance  D  from  the  source,  and  obtain  the  results  valid  for  a  second 
receiver  at  a  distance  D'  =  cD,  one  has  to  consider  this  second  receiver  having  an  area 
A'  =  c  A.  Tlujs  the  power  per  unit  area  calculated  in  the  first  case,  is  to  be  further 
divided  by  c  .  To  obtain  the  scaling  relation  useful  for  our  calculation,  we  have  taken 
into  account  the  results  of  the  analysis  of  Stotts  (3),  Mooradian  et  al.  (10)  who  showed 
that,  with  the  exception  of  very  large  optical  depths,  the  time  spread  of  the  power  tran¬ 
smitted  through  a  turbid  atmosphere  is  very  small,  since  forward  multiple  scattering  is 
predominant  over  large  angle  scattering.  Thus,  one  can  put  L  =  d  and  the  following  re¬ 
lation  results: 

(5)  (R'  ,D '  ,  a, a)  =  (R,D,o,a)  cK  2exp  ( -fc-1  )  oD) 

D'  =  cD  R'  =  cR 


The  position  L  =  D  corresponds  to  the  assumption  that  only  small  scattering  angles  are 
important.  A  change  of  a,  when  D  is  left  unchanged,  leads  to  the  following  scaling  for¬ 
mula: 


Sk(R,D,co,a)  =  (R,D,o,a)  c  exp  (- (c-1 )  oD) 


A  simultaneous  change  of  a  and  D  can  be  dealt  with,  by  successively  applying  eq.s  5  and 
6.  The  scaling  formulae  can  be  applied  to  the  simple  cases  of  nonhomogeneous  media  de¬ 
scribed  in  sect  3,  when  the  small  angle  approximation  is  valid  (see  next  section). 


3.  NONHOMOGENEOUS  MEDIUM 


The  semianalytical  M.C.  method  has  been  applied  to  the  case  of  a  nonhomogeneous 
medium.  Since  in  a  turbid  atmosphere  the  scattering  of  visible  or  near  l.r.  light  oc¬ 
curs  prevalently  in  a  nearly  forward  or  in  a  nearly  backward  direction,  the  case  of  a 
plane  stratified  medium  has  been  considered,  with  a  scattering  coefficient  as  a  func¬ 
tion  of  the  x  direction  only.  In  our  calculations  the  single  scattering  albedo  is 
considered  to  be  unitary,  so  that  the  extinction  coefficient  and  the  scattering  coeffi¬ 
cient,  being  equal,  will  be  denoted  as  o(x).  Fig. 2  shows  the  considered  dependence  of 
o  on  x,  and  the  parameters  describing  this  dependence. 

Two  simple  types  of  profile  for  o  have  been  examined.  They  present  one  or  two 
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strong  discontinuities  of  c(x).  For  the  case  A  of  Fig. 2,  indicated  as  the  "step"  case, 
o(x)  takes  the  values  o  , o^.  In  our  calculations,  whose  results  are  presented  in  sect. 4, 
the  ratio  o^/b^  assumes  the  values:  .05,-2,1,5,20,100.  (The  homogeneous  case  is  included). 
For  the  case  B  of  Fig. 4,  indicated  as  the  "bank"  case,  the  ratio  o^/o^  is  equal  to  20, 
and  the  width  x^-x^  of  the  bank  is  equal  to  D/10.  The  position  x.  assumes  the  values: 

-ID,  .3D,  . 5D,  .7D,  ,9D.  For  all  of  the  cases  A  and  B  the  same  average  value  of  c(x)  is 

-  -  1  1° 

assumed  along  the  path  and  is  indicated  as  o  :  o  =  -  |  o(x)dx.  Thus  a  comparison  will  be 

J°  rd 

made  of  the  results  obtained  for  the  homogeneous  case  (the  3  one  of  case  A)  with  the  re¬ 
sults  for  the  other  cases. 

If  the  validity  of  the  small  scattering  angle  approximation  is  assumed,  one  sees  that 
the  scaling  formulae  presented  in  sect. 2  can  be  applied  to  the  case  of  the  considered 
nonhomogeneous  media.  If  D  is  changed  by  a  factor  c  :  D1  =  cD ,  one  has  to  leave  unchanged 
the  relative  extensions  of  the  two  (case  A)  or  three  (case  B)  x  intervals  where  c  is  uni¬ 
form,  so  that  the  whole  profile  of  o  is  scaled  along  the  x  direction  by  the  factor  c. 

In  particular  the  small  angle  approximation  make  the  total  extinction  factor  change  from 
exp(-oD)  to  exp (-coD) ,  as  in  the  case  of  the  homogeneous  medium.  The  other  factors  in  the 
scaling  formulae  are  left  unchanged,  when  the  profile  is  scaled  by  the  same  factor  as  D. 

4.  NUMERICAL  RESULTS 


Since  for  calculations  and  measurements  pertaining  to  multiple  scattering  effects 
in  turbid  media,  the  results  depend  strongly  on  the  choice  of  the  particular  situation 
examined,  it  is  not  reasonable  to  claim  to  be  exaustive  by  showing  a  limited  number  of 
example.  We  only  show  the  results  pertaining  to  the  choice  of  3  values  for  the  link 
distance:  D  =  50m,  1000m,  3000m.  The  distance  D  =  50m  corresponds  to  a  typical  case 
of  a  transmissometer  used  in  meteorology  to  measure  the  medium  extinction  coefficient. 
The  other  two  distances  correspond  to  two  possible  cases  of  optical  communication  link 
through  the  atmosphere.  For  the  case  D  =  50m,  the  radius  p  of  the  receiver  has  been 
taken  equal  to  5cm,  while  two  values  p  =  5  cm  and  p  =  1 0  cm  have  been  assumed  for  the 
two  longer  distances.  The  values  of  a,  the  semiangular  aperture  of  the  receiver's  fi¬ 
eld  of  view,  were  taken  as  equal  to  60,80,120,160,200  mrad,  with  possible  extrapolation 
of  the  results  to  lower  values  of  a.  The  results  also  depend  strongly  on  the  choice  of 
the  scalar  scattering  function  of  the  medium.  The  calculations  were  first  performed  for 
various  combinations  of  the  listed  parameters,  by  using  a  scalar  scattering  function 
having  a  rather  high  value  of  the  asymmetry  parameter, g,  (i.e.  the  average  value  of 
cos  9,  where  0  is  the  argument  of  the  scattering  function) .  For  these  calculations  the 
normalized  Henyey-Greenstein  function  (H.G.  function) : 


4*  (Itg2  -  2gcos  0)1’5 

with  g  =  . 95  has  been  used.  Then  a  comparison  of  some  results  has  been  made  with  the 
ones  pertaining  to  a  scattering  function  presenting  a  lower  average  value  of  cos  :  so¬ 
me  calculations  were  repeated  by  using  a  scattering  function  corresponding  to  the  table 
given  by  Deirmendjian  (16)  for  his  Cl  model  and  A  =  .7p: 

L(6)  =  btpl  (e)  +  P2(8)  J 


where  p  ( 9)  and  p  ( 9)  are  the  two  first  diagonal  elements  of  the  scattering  matrix  ta¬ 
ken  in  the  form  of  Deirmend j ian' s  book  (eq.  76  of  Ref.  (16)).  For  this  model  of  the 
scattering  function  the  average  value  of  cos  e  is  equal  to<».  85.  Both  the  considered 
scattering  functions  present  a  high  forward  peack  and  a  high  f orward/bacward  scattering 
ratio.  Before  presenting  the  results  pertaining  to  the  examined  cases  of  a  finite  beam 
cross  section,  we  show  an  example  of  the_  intermediate  results,  directly  coming  from 
the  application  of  the  M.C.  method  to  the  case  of  an  infinitely  thin  beam.  These  results 
are  presented  by  means  of  the  ratio  S^/S  ,  where  S  is  the  quantity  introduced  in  sect. 2. 
Sk  represents  the  contribution  of  Kth  orSer  of  scattering  to  the  power  received  per  unit 
area  at  a  distance  R  from  the  x  axis  when  a  unitary  power  is  emitted  by  the  source,  stri¬ 
ctly  in  the  x  direction.  S  is  the  contribution  to  the  received  power  due  to  the  directly 
attenuated  beam  (in  the  case  of  an  infinitely  thin  beam  S  is  simply  equal  to 

fD 

exp (- I  a (x)dx) ) .  Fig. 5  refers  to  a  case  of  homogeneous  medium  and  the  chosen  parameters 
0  -1 

are  :  D  =  500  m.  ,  a  =  .005  m  uniformly  along  D,R  =  .01  m.  S^/S^  is  plotted  versus  the 
order  of  scattering,  and  five  values  of  the  F.O.V.  semiangle  n  are  considered.  The  H.G. 
scattering  function  with  g  =  . 95  has  been  used.  Fig. 6  shows  how  the  results  of  Fig. 5 
change  when  D  changes  to  D  =  3000  m  and  R  to  R  =  .06  m.  The  scaling  formula  of  eg. 5  has 


A 
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been  used  to  pass  from  Fig. 5  to  Fig. 6.  Fig. 7  shows  the  ratio  Sk/SQ  evaluated  for 
the  "bank"  cases  of  Fig. 4,  with  the  same  average  value  of  a  as  Fig. 5.  S  /s  plotted  ver¬ 
sus  K  and  the  results  for  a  fixed  value  of  a  are  shown.  The  different  curves  correspond 
to  different  values  of  x  .  The  average  o,  the  scattering  function  and  R  are  the  same  as 
for  Fig. 5.  Figs  8,9,10  snow  the  results  of  calculations  made  in  order  to  check  the  va¬ 
lidity  of  the  scaling  equation  5.  In  the  figures,  a  comparison  is  made  between  the  ra¬ 
tio  Sfc/S  evaluated  at  D  =  5  m  directly  by  means  of  the  M.C.  method,  and  the  same  fun¬ 
ction  obtained  by  scaling  the  results  obtained  for  D  =  10  m  by  means  of  eq.5.  Figs  8 
and  9,  referring  to  the  H.G.  g  =  .95,  and  to  the  Cl  X  =  .  7p  models  respectively,  show 
a  good  agreement  between  the  calculated  and  scaled  values  of  S  .  On  the  contrary,  in 
order  to  show  how  the  scaling  formulae  fail  when  the  small  scattering  angle  assumption 
is  not  valid,  Fig. 10  presents  the  large  differences  of  the  values,  obtained  for  the 
same  value  of D when  the  two  procedures  are  followed,  and  a  much  flatter  scattering  fun¬ 
ction  is  used.  For  Fig. 10  a  fictitious  scattering  function  has  been  used,  which  assumes 
the  same  behaviour  between  0  and  180  ,  as  the  one  of  Cl  model  X  =  .7y  between  0°  and  3°. 

T^e  results  obtained  for  the  case  of  a  finite  cross  section  beam  are  shown  in  Figs  11  to 

20.  By  referring  to  the  case  of  a  finite  cross  section  beam,  let  us  denote  as  P  the 

received  power  when  the  orders  of  scattering  up  to  the  tenth  are  taken  into  account  and 

a  unitary  power  is  emitted  by  the  source.  We  write: 

t  o  1  10 

where  P  denotes  the  fraction  of  the  received  power  due  to  direct  attenuated  beam  if  no 
forward  scattering  were  effective,  and  P  ,  K  ^  0,  indicates  the  fraction  of  the  re¬ 

ceived  powe-'  due  to  the  Kth  order  of  scattering.  In  the  figures  the  ratio  R1  and  R  are 
presented,  ihey  are  defined  as:  ' 

R  --1 

*1  P 

Y  10  P 

R  =  1  k 

R10  p 

o 


Thus  the  quantity  F: 


F  =  1  +  R, 


would  give  the  correction  factor  by  which  P  should  be  multiplied  to  give  the  actual  re¬ 
ceived  power,  when  the  orders  of  scattering  higher  than  the  tenth  could  be  neglected. 
Table  I  gives  the  list  of  the  parameters  pertaining  to  the  figures  11-20,  and  indicates 
the  used  scattering  function. 

Table  I  -  Key  to  the  Figs  1 1 -20 


Figure 

Type  of  profile 
for  a  (Fig.  4) 

Distance 

D  (in) 

Optical 
i  = 

depth 

CD 

receiver’s  aperture 
radius  p(cm) 

1 1 

Step 

50 

6 

5 

1  2 

<1 

" 

10 

II 

13 

Bank 

50 

6 

5 

1  4 

" 

11 

10 

" 

1  5 

ti 

1000 

6 

5 

1  6 

H 

3000 

6 

5 

17 

ii 

3000 

6 

10 

18 

■i 

50 

6 

5 

19 

ii 

50 

10 

11 

20 

ii 

1000 

6 

" 

used 

in  Figs  11  to  20  : 

Q  :  R1  ,  a  = 

60  mrad; 

X:  R1  , 

a  =  200  mrad;  A: RIO, 

H.G  g=. 95 


Cl  X  =  .7u 


+:R10,  a  =  200  mrad.  For  all  of  the  cases  the  parameter, S,  used  in  eq. 1  is  given  as: 

6  =  2.10^/D.  Figs  11,12  refer  to  the  "step"  case  of  Fig.4A.  The  ratios  R  and  R^  are  plo¬ 
tted  versus  the  ratio  o  /o,  (see  Fig.4A).  The  following  Figs  13  to  20  refer  to  tne  "bank" 
case  of  Fig.4B,  and  the  ratios  R^  and  R^Q  are  plotted  versus  the  position  of  the  initial 
part  of  the  bank  (see  Fig.4B,  the  ratio  x^/D  is  considered).  For  these  case  o^/o  =  20. 

The  results  for  a  =  60,  and  200  mrad  are  presented.  In  Figs  13-20  the  results  for  the 
homogeneous  medium  presenting  the  same  optical  depth,  are  shown  on  the  ordinate  axis,  for 
a  comparison.  In  Figs  11,12  the  homogeneous  case  corresponds  to  o  /o^  =  1 .  As  already  men¬ 
tioned,  the  effect  of  multiple  scattering  depends  on  the  many  factors  definining  the  geo¬ 
metry  of  the  link  and  the  characteristics  of  the  source  and  the  receiver.  Thus  it  is  dif¬ 
ficult  to  have  a  direct  comparison  with  the  results  of  other  authors,  who  generally  consi¬ 
der  different  situations.  However,  referring  to  recent  results  of  Tam  and  Zardecki  (T.Z. 
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SK/So  5-.  005™-'  D-  500.  m 


SK/So  (J-.  005m-1  0-3000.  m 


Fig. 5  -  S^/S  versus  order  of  scattering. 
D  =  500  m  .  Somogeneous  case.  H.G.  model 
g  =  .95. 


Fig. 6  -  S  /S  versus  K,  D  =  3000m,  deduced 
from  the  data  of  Fig. 5  by  means  of  eq. 5 
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Fig.7  -  S^/S  versus  K.  "Bank”  case.  H.G. 
model,  g  =  ,?5,  for  different  values  of  x  : 

A  \ .  1 


Is  homogeneous  case,  2:  x 


2700  m. 


3:  x  =2100  m,  4:x  =1500  m,  5:x  =300  m. 


Fig. 8  -  Comparison  between  the  values  of 
Sk/So  obtained  directly  for  D=5m,  and  the 
ones  obtained  by  scaling  the  results  for 
D=10  m.  Homogeneous  case.  H. G. model, g=. 95. 
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Fig. 9  -  Same  as  Fig. 8.  Cl  model  l=.7u. 


Fig. 10  -  An  example  of  inadequacy  of  the  sca¬ 
ling  eq.5,  when  large  scattering  angles  must 
be  taken  into  account. 


Ref.  (5)  and  (6))  concerning  the  case  of  homogeneous  media,  we  have  to  notice  some  substa¬ 
ntial  differences  between  their  results  and  ours.  Let  us  take,  for  instance,  Fig.10  of 
Ref. (5) .  The  figure  shows  the  relative  importances  of  different  orders  of  scattering 
(considered  in  groups  of  three).  One  can  see  in  the  figure  that  the  contribution  of  mul¬ 
tiple  scattering  to  the  received  power  is  of  the  same  importance  or  larger  than  the  con¬ 
tribution  of  the  direct  beam,  even  for  optical  depths  of  the  order  of  a  few  units.  A 
comparison  with  some  of  our  results,  for  instance  with  what  is  shown  in  Fig. 11,  case 
aa/°b  “  1 »  optical  depth  6,  should  take  into  account:  (A)  -The  different  values  of  o 
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Fig. 11  -  Ratios  R  ,R  (see  table  I).  The  Fig. 12  -  Ratios  .R10  (see  text  at  page  6 

significance  of  the  marks  is  given  at  page  6  and  table  I) . 


after  table  I. 
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Fig. 13  -  Ratios  R  ,R  (see  text  at  page  6  Fig. 14  -  Ratios  R, ,R1Q  (see  text  at  page  6 
and  table  I) .For  figures  13  to  20  the  marks  and  table  I). 
on  the  ordinate  axis  correspond  to  the  homo¬ 
geneous  case. 


Fig.  15  -  Ratios  R.,/R10  (see  text  at  Pa<3e  6 
and  table  I)  . 


Fig  17  -  Ratios  R.  ,R.  (see  text  at  page  6 
and  table  I) .  ' 


Fig. 16  -  Ratios  R1 *R10  (see  text  at  page  6 
and  table  I)  . 


Fig. 18  -  Ratios  R^.R^fsee  text  at  page  6 
and  table  I) . 
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Fig. 19  -  Ratios  R  ,R  (see  text  at  page  6  Fig. 20  -  Ratios  R  ,R  (see  text  at  page  6 
and  table  I) .  and  table  I) . 

-1  -1 

(.218  m  for  T.Z.,  .12m  for  us).  (B)  The  consequently  different  distances  D  at  opti¬ 
cal  depth  =  6  (36.7  m  for  T.Z.,  50  m  for  Fig. 11).  (C)  The  different  scattering  function. 
(D)  The  different  area  of  the  receiver  and  the  characteristics  of  the  beams. 

A  rough  comparison  may  be  anyway  attempted.  The  effect  of  the  changes  in  o  and  D  can 
be  estimated  by  using  the  scaling  formulas  of  pages  3  and  4.  The  different  receiver's 
areas  can  also  be  taken  into  account:  there  is  a  strong  effect  on  the  received  power  due 
to  the  direct  attenuated  beam  ,  (the  different  beam  divergence  and  cross  section  have  to  be 
considered),  as  well  as  on  the  contribution  of  multiple  scattering.  There  results  a  fac¬ 
tor  of  about  5  between  the  contribution  of  orders  of  scattering  higher  than  the  first, 
as  evaluated  by  T.Z.  and  reconducted  to  our  situation,  and  our  result  for  the  same  quan¬ 
tity.  This  difference  cannot  be  ascribed  to  the  different  angles  of  F.O.V.  ,  as  shown 
by  T.Z.  in  Ref. (6) .  The  different  scattering  functions  cannot  be  responsible  for  the  dif¬ 
ference.  The  function  used  to  deduce  Fig. 11  of  this  paper  presents  a  narrower  forward 
peak  than  the  one  used  by  T.Z.  We  have  again  to  remark  that  only  a  rough  comparison  pro¬ 
cedure  was  possible. 

A  series  of  measurements  of  scattered  radiation,  in  condition  of  fog  with  optical 
depth  ranging  from  -91  to  ^6,  were  made  by  using  a  variable  F.O.V.  transmissometer  (17) 
with  a  link  distance  of  50  m.  The  results  of  the  measurements  showed  that  the  contri¬ 
bution  of  scattered  light  to  the  received  power  depended  on  the  receiver's  F.O.V.  an¬ 
gle,  and  reached  the  order  of  ,v10%  when  the  semiangular  F.O.V.  was  set  to  3°.  A  new  cam¬ 
paign  of  measurements,  aimed  to  evaluate  the  effect  of  forward  scattering  in  heavier 
fogs  in  our  programs. 

5.  EXPERIMENTAL  TESTS 

Laboratory  measurements  have  been  made  to  make  an  experimental  test  of  some  featu¬ 
res  of  the  numerical  results  of  Part  I  of  this  paper.  As  shown  in  Figs  11  to  20  the  con¬ 
tribution  of  multiple  scattering  is  higher  when  the  diffusion  medium  is  concentrated  ne¬ 
ar  the  receiver  aperture.  The  experimental  set  up  used  to  check  this  result  comprehended 
a  LeNe  laser  source  (  10  mW) ,  with  a  nominal  divergence  angle  of  .3  mrad  (semiaperture) 
and  a  receiver  apparatus  presenting  the  possibility  of  varying  its  angular  field  of  view. 
The  variation  of  the  F.O.V.  semiangle  a  was  accomplished  by  placing  a  set  of  different 
circular^dfaphragms  on  the  focal  plane  of  the  optical  system.  The  angle  a  could  vary  from 
.5  to  3  ,  in  steps  of  .5  degrees.  The  receiver  radius, p,  was  5  cm.  The  laser  beam  passed 
through  a  cubic  box  (size  1m) ,  where  the  diffusion  medium  was  obtained  by  heating  water 
at  the  box  base  (t  -  50  C  during  the  measurements) ,  and  by  cooling  the  vapors  at  the  top 
by  means  of  circulating  liquid  nitrogen.  Within  the  box  a  dense  fog  was  formed,  and  out¬ 
side  practically  no  diffusion  of  the  beam  was  present.  During  the  measurements  the  box 
was  held  in  three  different  positions  along  the  path  line  transmitter-receiver. 

Fig. 21  shows  the  geometry  of  the  measurements.  During  the  measurements  the  distance 
d  was  equal  to  1  m,  3  m,  or  6  m.  Since  the  length  of  the  box  was  1  m,  these  positions 
correspond  respectively:  to  the  first  case  of  the  "bank"  model  of  Fig.  24b  (x  -x  =.1D,D 
«10  m,  x  =.9D),  to  the  fourth  case  (x^=.7D)  and  to  a  position  intermediate  between  the 
second  (tor  which  Xj,  =  .3D)  and  the  third  case  (for  which  x^.  5D)  . 

Figs  22  a,b,c  give  an  example  of  the  measured  attenuation  of  the  beam,  indicated  as 
Wn/Pe  plotted  versus  the  index  n  of  the  F.O.V.  angle,  a  :a  =. 5°, . . . ,a6=3°.  (W  *power  re¬ 
ceived  when  a  *  an»  Pg  power  emitted  by  the  source).  In  Fig. 22  a  comparison  ?s  made 
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7ig.21  -  Scheme  of  the  measurement  set. 
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Fig. 22  -  Measured  attenuation  versus  a^.  Fig. 23  -  Calculated  ratios  versus  a^. 

t=  5.  With  reference  to  Fig. 21:  a)  d=1  m,  Model  H.G.,  g=. 95.  Geometry  of  Fig. 21. 


b)  d»3  m,  c)  d  =6  m. 


a)  d=1  m,  b)  d=3  m,  c)  d=9  m. 


between  the  measured  ratio  W  /P  obtained  with  d  =  1  m  (x.  =  . 9D) ,  d  =  3  m  (x  =  .7d)  and 
d  ■  6  m  (x  =  .  4D)  ,  in  condit?oni  of  similar  attenuation  of  the  direct  beam.  This  quan- 


tity  is  defined  as  W  /P  when  W  indicates  the  power  that  would  be  received  without  any 
contribution  of  forwardescatter?ng.W  can  be  obtained  by  means  of  an  extrapolation  to 
a  =  0  of  the  points  shown  in  Fig. 22.  For  the  three  cases  of  Fig. 22  the  ratio  W  /P  would 
correspond  to  t  =  5  (t:  optical  depth) .  “  K 

6.  COMPARISON  WITH  THE  RESULTS  OF  CALCULATIONS 

From  Fig. 22  one  recognizes  some  typical  features  commonly  shown  by  the  results  of 
the  numerical  computations,  presented  in  the  figures  of  sect. 4  corresponding  to  the 
"bank"  model.  The  ratio  R^Q  plotted  in  those  figures  would  correspond  to  the  quantity 
W  /W  -1 ,  deduced  from  the  measurements  results,  if  orders  of  scattering  higher  than  the 
tentR  were  not  important  in  our  measurement  conditions.  (Some  check  of  this  point  will 
be  made  later) .  For  the  "bank”  cases,  the  figures  of  sect.  4  showed  that  the  calcula¬ 
ted  ratio  R1q  is  largest  for  xi=.9D  and  decreases  as  x^  decreases.  This  feature  is  repro¬ 
duced  for  our  measurements  (d  =  D  -  x^) . 
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The  figures  of  sect. 4  also  showed  that,  for  the  considered  range  of  a,  R  has  a 
larger  dependence  on  a,  for  the  case  x^.90  than  for  lower  values  of  x^.  This  is  qualita¬ 
tively  confirmed  b^  the  measurements  results,  showing  a  fast  saturation  of  W  /P  when  a 
grows  over  about  2  ,  for  both  cases  d=3  m  and  d=6  m.  A  numerical  comparison  Between  the 
results  of  computations  and  of  measurements,  can  be  better  made  for  the  lowest  value  of  a 
considered  for  the  computations,  which  is  nearest  to  the  largest  a  of  the  measurements. 
(An  extrapolation  to  a  =60  mrad  has  to  be  made  of  the  measurements  results) .  For  the  sake 
of  comparison,  we  have  repeated  the  calculations,  by  taking  into  account  the  geometry 
corresponding  to  the  laboratory  conditions.  The  calculations  were  made  by  using  the  two 
scattering  functions  of  sect. 4  of  this  paper,  the  H.G.  g=.  95  function,  and  the  one  corre¬ 
sponding  to  Deirmendjian  model  01  for  X  =  .  7y.  The  numerical  results  are  presented  in 
Figs  23  and  24.  Unlike  the  figures  of^sect.4,  the  ratios  R^  are  plotted  versus  the  angle 
a.  Here  the  ratio  R  is  equal  to  Z  P./P  ,  where  P.  denoted  the  contribution  to  the 
received  power  of  tne  jth  order  of  sfiatteJing ,  and  P  "'is  the  power  that  would  be  recei¬ 
ved  if  no  forward  scattering  effect  were  present.  The  corresponding  calculated  ratios  R1 
and  R  were  the  quantities  plotted  in  the  figures  of  sect. 4. 

Fig. 23  a,b,c  shows  the  results  for  the  H.G.  scattering  model,  with  x  =  5.  The  bank 
case  with  D=10  m,  x.=.9D,  x  =.7D,  x,=.1D  are  shown.  Fig. 24  shows  the  analogous  results 
for  the  Cl  model,  X  =  . 7u  .  A  numerical  comparison  of  the  experimental  and  calculated 
results  is  made  in  Table  II,  presenting  the  obtained  ratios  R  deduced  from  Figs  22,23 
and  24.  An  extrapolation  to  a  =  60  mrad  has  been  made  of  the  experimental  results. 


TABLE  II  ratio  R  t  =  5 


calculated 

X  ,/D 

H.G. 

Cl 

Measured 

1 

.  1 

.30 

.  40 

- 

.7 

1 .95 

2.  4 

1  .  7 

.  9 

13.8 

19.5 

1  1 

homogeneous 

case 

.7 

.97 

As  is  seen  from  the  table  there  is  a  qualitatively  agreement  between  measurements  and  ca¬ 
lculations,  with  regard  to  the  dependence  of  R^  on  x^/D.  A  quantitative  agreement  could 
be  searched  for,  it  one  measured  the  actual  scattering  function  of  the  medium  in  the  box. 

As  already  mentioned,  and  as  is  shown  more  clearly  by  Figs  22,23,24  the  dependence 
of  both  measured  and  calculated  ratios  R  on  a  shows  a  fast  saturation  at  small  values 
of  a,  for  all  of  the  case  but  the  case  x  /D  =  .9.  For  this  latter  case  there  is  an  in¬ 
crease  of  R  with  a  even  at  the  larger  values  of  a.  Fig.  25  shows  another  case  of  mea- 
dured  ratio  R^q,  in  a  case  of  lower  attenuation  (t  =  3) .  In  this  case  also,  R  is  higher 
for  the  case  x^=.9D  than  for  the  other  cases.  A  similar  saturation  effect  of  R^Q  with  a. 
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Fig. 26  -  Five  examples  of  the  received  power  attenuation  measured  at  different  values  of 
an'  The  8et  °E  6  points  corresponds  to  5  different  optical  depths.  The  continuous  lines 
connecting  each  set  of  points  come  from  a  best  fit  procedure  by  means  of  a  quadratlcde- 
pendence  of  W  on  a  .  Homogeneous  medium. 
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The  figures  of  sect.  4  also  showed  that,  for  the  considered  range  of  a.  Ft  has  a 
larger  dependence  on  a,  for  the  case  xi=.9D  than  for  lower  values  of  x^.  This  is  qualita¬ 
tively  confirmed  b^  the  measurements  results,  showing  a  fast  saturation  of  W  /P  when  a 
grows  over  about  2°,  for  both  cases  d=3  m  and  d=6  m.  A  numerical  comparison  Between  the 
results  of  computations  and  of  measurements,  can  be  better  made  for  the  lowest  value  of  a 
considered  for  the  computations,  which  is  nearest  to  the  largest  a  of  the  measurements. 
(An  extrapolation  to  a  =60  mrad  has  to  be  made  of  the  measurements  results) .  For  the  sake 
of  comparison,  we  have  repeated  the  calculations,  by  taking  into  account  the  geometry 
corresponding  to  the  laboratory  conditions.  The  calculations  were  made  by  using  the  two 
scattering  functions  of  sect. 4  of  this  paper,  the  H.G.  g=.95  function,  and  the  one  corre¬ 
sponding  to  Deirmendjian  model  Cl  for  X  =  .  7y.  The  numerical  results  are  presented  in 
Figs  23  and  24.  Unlike  the  figures  of^sect.4,  the  ratios  R^  are  plotted  versus  the  angle 
a.  Here  the  ratio  R  is  equal  to  Z  P./P  ,  where  P.  denoted  the  contribution  to  the 
received  power  of  the  jth  order  of  sSatteJing,  and  P  3is  the  power  that  would  be  recei¬ 
ved  if  no  forward  scattering  effect  were  present.  The  corresponding  calculated  ratios  R1 
and  R  were  the  quantities  plotted  in  the  figures  of  sect. 4. 

Fig. 23  a,b,c  shows  the  results  for  the  H.G.  scattering  model,  with  t  =  5.  The  bank 
case  with  D=10  m,  x.=.9D,  x.=.7D,  x.=.1D  are  shown.  Fig. 24  shows  the  analogous  results 
for  the  Cl  model,  X  =  .7y  .  A  numerical  comparison  of  the  experimental  and  calculated 
results  is  made  in  Table  II,  presenting  the  obtained  ratios  R  deduced  from  Figs  22,23 
and  24.  An  extrapolation  to  a  =  60  mrad  has  been  made  of  the  experimental  results. 


TABLE  II  ratio  R 


10 


x  /D 

calculated 

H.G.  Cl 

Measured 

.1 

.30 

.40 

- 

.7 

1  .95 

2.4 

1  .  7 

.  9 

13.8 

19.5 

1 1 

;neous 

>e 

.7 

.97 

As  is  seen  from  the  table  there  is  a  qualitatively  agreement  between  measurements  and  ca¬ 
lculations,  with  regard  to  the  dependence  of  R^  on  xVD.  A  quantitative  agreement  could 
be  searched  for,  it  one  measured  the  actual  scattering  function  of  the  medium  in  the  box. 


As  already  mentioned,  and  as  is  shown  more  clearly  by  Figs  22,23,24  the  dependence 
of  both  measured  and  calculated  ratios  R^  on  a  shows  a  fast  saturation  at  small  values 
of  a,  for  all  of  the  case  but  the  case  xVD  =  .9.  For  this  latter  case  there  is  an  in¬ 
crease  of  R  with  a  even  at  the  larger  values  of  a.  Fig.  25  shows  another  case  of  mea- 
dured  ratio  R10<  in  a  case  of  lower  attenuation  (t  =  3) .  In  this  case  also,  R  is  higher 
for  the  case  x  =.  9D  than  for  the  other  cases.  A  similar  saturation  effect  of  with  a. 
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Fig. 26  -  Five  examples  of  the  received  power  attenuation  measured  at  different  values  of 
a  .  The  set  of  6  points  corresponds  to  5  different  optical  depths.  The  continuous  lines 
connecting  each  set  of  points  come  from  a  best  fit  procedure  by  means  of  a  quadraticde- 
pendence  of  W  on  a  .  Homogeneous  medium. 
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is  shown  as  for  Fig. 22.  Fig. 26  shows  the  attenuation  of  the  laser  beam,  which  was  measu¬ 
red  in  actual  field  conditions.  The  measurements  were  made  in  a  dense  fog,  forming  a  homo 
geneous  medium,  at  the  C.N.R.  base  of  San  Pietro  Capofiume  (Bo).  The  source  and  the  recei 
ver  were  the  ones  used  for  the  laboratory  measurements.  The  measurement  distance  was  50  m 
Results  of  calculations  made  with  reference  to  this  geometry  and  to  a  homogeneous  medium 
are  in  agreement  with  the  very  small  differences,  which  were  found  between  the  apparent 
attenuations  measured  at  the  6  angles  allowed  for  the  receiver's  F.O.V.  As  can  be  seen 
from  Fig. 26  the  measured  beam  attenuation,  presented  as  the  ratio  W  /P  plotted  versus 

a  , depends  very  little  on  a  ,  even  for  optical  depths  as  large  as  6. 
n  n 
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| .  SUMMARY 

Optical  wavefronts  propagated  in  atmospheric  turbulence  suffer  significant  degradation  manifested  as 
beam  spread,  beam  wander,  and  scintillation.  We  review,  very  generally,  the  state  of  progress  of  this 
field  of  research  and  discuss  recent  efforts  to  overcome  the  limiting  effects  of  refractive  turbulence. 
Adaptive  optical  systems  are  being  developed  to  sense  the  phase  distortion  present  on  propagated  beams  and 
to  compensate  for  these  aberrations  in  real  time.  We  present  equations  describing  the  magnitude  of  the 
turbulence  effect  and  also  describing  the  degree  to  which  compensation  may  be  achieved.  Supporting  data 
are  presented  as  well. 

^  INTRODUCTION 

Optical  wavefronts  propagated  through  the  atmosphere  suffer  degradation  due  to  refractive-index  fluc¬ 
tuations.  These  fluctuations  are  due  primarily  to  temperature  "turbulence"  which  occurs  on  scales  sizes 
ranging  from  millimeters  to  meters.  There  are,  in  addition,  second-order  effects  due  to  humidity  varia¬ 
tions/  The  phase  of  the  electric  field  is  related  to  the  refractive  index  variation  6n  according  to 

* (x,  y)  -  k  /  6n(x,  y,  z)  dz  (1) 

path 

(where  k  *  2n/x  is  the  wave  number,  and  X  the  wavelength)  since  the  small-angle  scattering  approximation 
is  valid  in  virtually  all  cases.  Physically,  the  atmosphere  may  be  thought  of  as  consisting  of  an  array 
of  random  lenses,  the  strength  of  which  is  changing  as  a  function  of  time  and  space.2  Although  the 

strength  of  the  lenses  is  small  (with  Sn  <,  10"6),  the  wavelengths  in  the  optical  regime  are  also  short, 

and  often  the  path  lengths  are  long.  Hence,  the  integrated  phase  in  Eg.  (1)  may  amount  to  a  few  waves  of 
deviation  in  the  visible  wavelengths  over  the  aperture.  This  is  certainly  a  substantial  degradation. 

Astronomers,  as  well  as  casual  observers  of  stars,  are  well  aware  of  the  effects  of  atmospheric  tur¬ 
bulence  on  star  imaging.  Integrated  phase  deviation  through  the  upper  atmosphere  contributes  to  weak  ray 
bending  and  thus  scintillation.  The  relation  between  amplitude  A  and  refractive  index  is 

InA  =  -/  z  v2n(x,  y,  z)  dz,  (2) 

path 

again  assuming  small  angle  scattering.  Whereas  expression  (1)  holds  in  virtually  all  cases,  expression 
(2)  is  only  valid  in  the  regime  of  weak  integrated  turbulence.  To  put  this  limitation  in  perspective: 
Eg.  (2)  is  valid  for  visible  stars  viewed  near  the  zenith,  but  begins  to  break  down  for  elevation  angles 
below  20°. 

Refractive  turbulence  is  a  major  factor  limiting  optical  systems  operating  in  the  atmosphere.  The 

resolving  power  of  large  visible-wavelength  telescopes  is  typically  no  better  than  that  of  a  5-cm  diameter 

'telescope  because  of  the  phase  aberration  denoted  by  Eq.  (1).  (Indeed,  the  light-collection  ability  of 
the  larger  telescope  is  clearly  superior.)  Infrared  telecopes  operating  at  8-12  pm  wavelength  have  higher 
resolution  limits,  approximately  l.b-m  diameter,  but  of  course  the  inherent  resolution  of  IR  telescopes  is 
poorer. 

There  has  been  considerable  effort  over  the  last  20  years  to  characterize  the  statistics  of  $  and  InA 
(with  the  latter  given  by  x  =  InA  usually).  In  Part  I  of  this  paper  we  review  some  highlights  of  this 
very  large  research  area.  The  object  of  the  discussion  is  to  provide  an  appreciation  for  the  state  of 
knowledge:  to  include  what  theoretical  derivations  have  been  conducted,  and  what  data  exist  to  verify 

these  results  or  not. 

In  a  relatively  new  area  of  research,  there  are  efforts  to  compensate  for  the  phase  aberrations,  and 
thus  increase  these  resolution  limits  —  conceptually  to  near  the  diffraction  limit.  Adaptive  (or  active) 
optics  use  a  portion  of  the  incoming  light  to  sense  wavefront  deviations  from  the  desired  plane  wave  and 
compensate  using  a  real-time  correction  system.  In  Part  II  of  this  paper  we  will  describe  the  principles 
of  such  systems  and  will  delineate  the  various  error  sources  which  must  be  minimized  for  such  a  system  to 
work  well.  Astronomical  applications  represent  one  class  of  system  —  passive  imaging  types  --  however, 
it  has  been  shown  that  the  correction  process  is  reciprocal.3  If  the  measured  wavefront  is  imposed  in 
conjugate  on  an  outgoing  beam,  then  the  resultant  projected  spot  in  the  far  field  will  be  nearly  diffrac¬ 
tion  limited  as  well.  Throughout  this  paper  we  will  refer  to  both  imaging  applications  and  projected 
laser  beams. 


PART  I  PROPAGATION  IN  ATMOSPHERIC  TURBULENCE 


A.  General 


When  an  image  is  formed  by  a  lens  observing  a  source  through  the  atmosphere  in  the  far  field,  or  when 
a  laser  beam  is  propagated  through  the  atmosphere,  the  spot  in  the  focal  plane  Is  observed  to  broaden, 
wander,  and  scintillate.  Since  this  behavior  is  a  result  of  a  random  process  --  the  variation  of  atmos¬ 
pheric  refractive  index  —  the  descriptors  are  statistical  averages. 

The  refractive  Index  is  characterized  by  its  three-dimensional  spatial -power  spectrum  ^(K)  which 
has  the  power-law  dependence  derived  by  Kolmogorov  to  be  K_i 1 ,  with  a  coefficient  Cn2.  This  power 


law  holds  in  the  "inertial  subrange,"  or  cascade  regime,  which  is  between  an  outer-scale  wavenumber  2*/ 
L0  denoting  an  input  or  generation  regime  and  an  inner-scale  wavenumber  2x/t0  denoting  the  onset  of  a 
dissipation  regime.  The  outer  scale  is  typically  equal  to  height  above  ground,  and  the  inner  scale  a  few 
millimeters.  Von  Karman  modified  the  spectral  formula  to  include  the  inner  scale,  and  Tatarskii  provided 
a  modification  to  include  an  outer  scale.  The  result,4  after  making  an  additional  assumption  about  iso¬ 
tropy,  is  . 

*n(K)  =  U.033  C2  (K2  +  Lq-2)-u/6  exp(-K2/Km2)  (3) 

where  Kfn  *2n /t0.  Except  in  cases  where  a  laser  beam  is  propagated  horizontally  within  a  few  meters  of 
the  ground,  neither  the  L0  nor  the  i0  appear  to  have  much  effect  on  the  behavior  of  the  focused  spot. 
Rather  it  is  the  coefficient  Cn2  ,  termed  the  refractive-index  structure  parameter,  which  is  the  dominant 
descriptor.  Although  there  is  still  considerable  conjecture  as  to  whether  the  K'11/3  dependence  is 
valid  above  the  refractive-turbulence  boundary  layer  (which  may  only  be  witnin  the  first  few  hundred 
meters  above  ground  level),  it  still  appears  to  give  an  adequate  representation  of  integrated  path 
effects.  Notice,  however,  the  Cn2  only  has  meaning  when  the  K'11/3  power  law  is  valid. 

In  only  a  few  cases  can  the  Cn2  be  considered  constant  along  the  path.  Rather  it  varies,  sometimes 
by  orders  of  magnitude  as  a  result  of  changes  in  altitude,  terrain,  or  cloud  cover.  It  is  for  this  reason 
that  controlled  experiments  are  difficult  to  accomplish.  Often  it  is  not  possible  to  provide  sufficient 
instrumentation  to  adequately  characterize  the  propagation  medium.  Representative  plots  of  Cn2  versus 
height5  are  shown  in  Fig.  1.  Near-ground  behavior  can  be  shown  theoretical ly6  to  be  z"4/3  during  the 
daytime  unstable  conditions,  z"2 /3  during  nighttime  stable  conditions,  and  z°  in  the  neutral  zone  per¬ 
iods  of  dawn  and  dusk.  Also  of  importance  is  the  diurnal  variation.  A  plot  of  the  average  behavior  of 
Cn2  versus  time  of  day  for  a  desert  site  is  shown7  in  Fig.  2.  Deviations  about  these  mean  values  may  be 
as  much  as  an  order  of  magnitude  above  to  an  order  of  magnitude  below. 

B.  Propagation  Statistics 

The  most  basic  statistical  descriptor  of  the  wavefront  deviation  from  the  plane  or  spherical  is  the 
phase  structure  function,  defined  as 


Vr)  =  <(4> (ri )  *  4>  (rx  +  r))2>,  (4) 

where  the  assumption  (generally  valid)  of  homogeneity  has  already  been  made.  From  derivations  in 
Tatarskii,8  extended  by  Fried,9  D^  can  be  shown  to  be  isotropic  and  has  the  form 

Vr>  =6-88  lr/ro)5/3  •  Ilk  r<S  ^ 

where  r0  is  referred  to  as  the  coherence  length  and  has  the  form 

rQ-5/'3  =  0.423  k2  /£  C2'z)  (z/L)s/3  dz  (6) 

where  z  =  U  represents  the  source  of  a  spherical  wave  and  z  *  l  the  receiver.  The  dependence  on  r5''3  in 
Eq.  (5)  has  been  verified  by  Clifford,  et.  al.10  A  plot  of  their  data  is  repeated  in  Fig.  3.  Also, 
representative  plots  of  r0  versus  time  of  day  for  propagation  to  zenith  are  shown  in  Fig.  4,  from 
Walters.11  We  have  recognized  in  Eq.  (6)  that  plane  waves  are  merely  a  special  case  of  spherical  in  that 
a  plane  wave  is  simply  a  spherical  wave  with  source  removed  to  infinity.  For  beam  waves,  Eqs.  (5)  and  (6) 
are  approximately  correct,  provided  the  beam  is  not  very  narrow.  (Most  applications  of  interest  nave  suf¬ 
ficiently  large  beams.)  The  wave  formulas  are  generally  valid  so  long  as  D>AL,  where  D  =  beam  diameter. 
For  small  diameters,  diffraction  becomes  important,  and  diffraction  has  been  ignored  in  Eqs.  (1)  and  (2). 

The  log-amplitude  x  likewise  has  a  computed  structure  function,  but  often  it  is  sufficient  to  know 
the  log-amplitude  variance  ax2  .  From  Lawrence  and  Strohbehn,12  we  find 

o2  =  0.564  k7/6  C2(z)  zs/6  (1  -  z/L)s/6  dz.  (7) 

which  is  valid  so  long  as  ox2  <  0.3.  Ultimately,  ox2  saturates13  to  a  constant  (or  nearly  so)  value 
of  0.5  with  increasing  integrated  Cn2 .  A  plot  of  experimentally-determined  ox  versus  theoretical  ox 
is  in  Fig.  5.  Burke14  reports  values  of  ox  for  astronomical  applications  to  nave  an  average  of  about 
0.05  at  zenith  in  the  visible.  Hence,  saturation  occurs  only  for  long  endo-atmospheri c  paths  where  the 
integrated  turbulence  strength  is  high. 

The  quality  of  an  optical  system  is  characterized  by  its  MTF,  or  Modulation  Transfer  Function,  which 
is  the  modulus  of  the  0TF,  or  Optical  Transfer  Function.  The  0TF  is  in  turn  equivalent  to  the  mutual 
coherence  function  of  the  wavefront.  Hufnagel  and  Stanley15  showed  analytically  that  the  long-term  aver¬ 
age  MTF  of  the  atmosphere-telescope  system  was  decouplable  and  generally  isotropic: 

«s(r)  =  Mj (r )  •  Mft(r),  (8) 

where  the  subscripts  are  for  system,  telescope,  and  atmosphere  respectively.  The  independent  variable  in 
Eq.  (B)  is  spatial  rather  than  spatial  frequency,  reflecting  the  mutual  coherence  function  formulation. 
Hufnagel  and  Stanley  further  showed  that  M^  could  be  written  in  terms  of  a  wave  structure  function 
0w(r),  where  Dw(r)  is  the  sum  of  the  phase  and  log-amplitude  structure  functions.  (The  latter  is 
defined  by  Eq.  (4)  substituting  y  for  $.)  Convenient ly ,  the  expression  for  Dw(r)  is 

Uw(r)  =  6.88  (r/ro)5/3  ,  (g) 


which  is  identical  to  Eq.  (5)  but  with  the  final  multiplier  equal  to  unity.  The  relation  between  Mft  and 
t)w  is  found15  to  be 
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MA(r)  =  exp[-  |  Ow(r)] 


(10) 


The  coefficient  6.88  in  £q.  (9)  was  defined  in  such  a  way  that  the  r0  represents  the  effective  coherence 
diameter  on  the  aperture.  Fried9  has  shown  that  it  is  unnecessary  on  the  basis  of  resolution  to  construct 
apertures  much  larger  than  r0.  (There  is  no  sharp  Break  in  the  performance  so  there  is  some  improvement 
in  going  to  perhaps  2r0.)  The  relationship  between  r0  and  the  semiquantitative  "seeing  angle"  0see 
is 


where  we  have  simply  replaced  0  by  r0  in  the  Rayleigh  resolution  criterion.  Seeing  angles  of  1  arcsec 
S' 6  urad)  are  considered  to  be  "good  seeing"  by  a'tronomers. 

The  broadening  (and  thus  degradation)  of  the  focal  spot  may  be  thought  of  as  consisting  of  a  short¬ 
term  spread  due  to  high-spatial -frequency  refractive-index  fluctuations  and  a  centroid  wander  which  arises 
from  low  spatial  frequencies.  Also,  the  centroid  wander  can  be  shown  to  be  roughly  equivalent  to  a  wave- 
front  tilt.  The  expressions  for  the  MTF  in  Eqs.  (8)  and  (9)  include  both  low  and  high  spatial  frequency 
effects.  Yura,16  however,  subtracted  the  wavefront  tilt  from  the  phase  and  came  up  with  an  approximate 
expression  for  a  short-term  MTF: 

MjjV)  -  exp[  -  y  Dw( r)  (1  -  0.62(r/D)1  /3  )]  (18) 


where  now  the  diameter  of  the  aperture  0  must  be  involved  in  the  expression,  as  it  is  the  inverse  of  the 
diameter  which  marks  the  boundary  between  high  and  low  spatial  frequencies.  Land17  performed  experiments 
to  measure  long-term  and  short-term  MTF's,  and  his  results  are  repeated  as  Fig.  6.  We  see  excellent 
agreement  between  theory  and  experiments. 

Beam  broadening,  or  spread  in  the  short-term  case,  is  the  spatial  Fourier  transform  of  the  MTF. 
There  are  no  simple  expressions  for  the  result  because  of  the  awkward  5/3  and  1/3  exponents  in  Eqs.  (9) 
and  (12),  however  the  Fourier  transform  is  easily  solved  on  the  computer.  Having  solved  for  the  irra- 
diance  distribution  l(r),  we  find  the  average  spot  area,  measured  at  the  radius  where  l(r)  is  down  to  1/e 
of  the  peak,  is 

A  =  ir(0.65  XL/D)2  [1  +  (D/rQ)2]  ,  (13) 

for  long-term  average  beam  broadening.  (Yura16  also  provides  an  expression  for  short-term  spread.)  The 
reduction  in  on-axis  antenna  gain,  relative  to  diffraction-limited,  is  derived  from  Eq.  (13)  for  large 
D/r0: 

S  -  (r  /D)2  (14) 

°  * 

which  is  referred  to  in  optics  as  the  Strehl  ratio. 

The  beam  centroid  wander  which  was  removed  to  arrive  at  the  short-term  MTF  and  spread  has  a  variance 
gi  ven  by 

o2  =  U.184(0/ro)5/3  (X/D)2  .  (15) 

In  spite  of  initial  appearance,  there  is  no  wavelength  dependence  in  oa2 ,  in  that  r05/3  -  x2  from 
Eq.  (6).  The  absense  of  a  wavelength  dependence  was  demonstrated  in  the  data  of  Dowling  and  Livingston.18 
We  repeat  their  beam  wander  data  in  Fig.  7  but  over  plot  the  theoretical  curve  Eq.  (15).  The  fit  is  seen 
to  be  good,  however  the  spread  of  the  data  indicates  the  difficulty  of  making  adequate  turbulence  measure¬ 
ments. 


This  part  of  the  paper  is  intended  to  provide  the  basic  formulations  relating  atmospheric  turbulence 
properties  to  optical  beam  characteristics.  Selected  data  and  references  were  provided  to  give  some 
appreciation  for  the  advanced  level  of  understanding  to  which  this  field  of  investigation  has  developed. 

PART  II  COMPENSATION  FOR  PHASE  DISTORTION 


General  Description 


As  indicated  in  the  introduction,  most  of  the  degradation  of  the  spot  in  the  focal  plane  is  a  result 
of  phase  aberrations.  These  phase  errors  $(x,  y;  t)  can  be  compensated  by  the  use  of  adaptive  optics 
which  sense  and  correct  in  real  time.  The  concept  of  adaptive  optics  was  first  proposed  by  Babcock19  in 
1955  but  little  was  accomplished  until  the  early  1970's  where  the  impetus  was  to  compensate  for  propagated 
laser  beams.  Examples  of  recent  results  using  phase-compensating  systems  are  in  Muller  and  Buffington20 
from  stellar  sources,  and  in  Pearson21  for  propagating  beams.  Also,  the  entire  March  1977  issue  of  J. 
Opt.  Soc.  Am.  is  devoted  to  adaptive  optics. 


The  "phase  conjugate"  approach  to  adaptive  optics  Is  diagrammed  in  Fig.  8  which  shows  a  passive 
Imaging-only  type  of  system  (Fig.  8a)  and  an  outgoing-beam  correction  system  (Fig.  8b).  In  both  cases 
there  is  a  reference  wavefront  which  has  sampled  the  medium.  In  the  imaging  case  the  reference  wave  is 
often  Identical  with  the  source  wave  to  be  Imaged;  In  the  outgoing  beam  case  the  reference  wave  in  the 
outgoing  beam  case,  the  reference  wave  is  provided  by  a  co-propagating  wavefront  generated  either  by 
emission  or  reflection  from  the  target.  The  reference  wavefront  is  sensed  by  a  "phase  sensor,"  an 
interferometer  which  determines  an  estimate  of  the  phase,  *est(x'  t).  The  estimate  is  limited  by 
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spatial  resolution,  time  response  and  signal -to-noi se  performance  of  the  sensor.  The  phase  estimate  is 
then  fed  to  the  corrector  element,  which  has  spatio-temporal  bandwidth  limits  as  well.  Since  in  the 
configuration  shown,  the  phase  sensor  views  the  wavefront  after  reflection  from  the  corrector,  the  servo 
operates  in  a  null-seeking  mode,  in  that  the  sensor  attempts  to  try  to  minimize  the  phase  at  its  input 
aperture.  This  approach  is  especially  advantageous,  as  opposed  to  driving  a  corrector  mirror  open  loop, 
in  that  any  hysteresis  or  drift  in  the  corrector  element  is  automatically  adjusted  out. 

The  next  step  (Fig.  8b)  is  to  inject  an  outgoing  laser  beam  which  must  fully  share  the  aperture  with 
the  phase  sensor.  The  aperture-sharing  element  is  a  beamsplitter,  a  dichroic  or  perhaps  a  chopper.  Once 
the  beam  exits  the  aperture  it  may  or  may  not  progress  along  the  same  path  as  the  reference  wave.  This 
may  occur  for  a  variety  of  reasons;  such  as  mispointing  of  the  laser,  dispersive  bending  of  the  outgoing 
and  reference  beams  if  they  are  of  different  wavelength,  and  reference  waves  emanating  from  an  extended 
source.  In  the  situation  of  non-overlapping  paths,  the  error  in  making  an  adequate  phase  determination  is 
referred  to  as  "anisoplanatism." 

Even  if  a  system  could  be  built  with  infinite  signal -to-noi se,  infinite  spatio-temporal  bandwidth, 
and  no  isoplanatic  errors,  the  correction  could  not  be  perfect  owing  to  electric  field  amplitude  degra¬ 
dation  which  is  uncorrectable  in  these  phase-only  systems.  Later  we  will  explore  the  magnitude  of  the 
effect,  but  suffice  it  to  say  the  residual  error  is  small,  and  results  in  a  reduction  of  the  Strehl  ratio 
(relative  on-axis  antenna  gain)  by  typically  no  more  than  10%. 

8.  Components 


Having  introduced  the  overall  concepts,  we  now  turn  to  practical  implementation  for  the  phase-only 
system.  The  phase  sensor  may  be  viewed  as  an  array  of  trackers,  each  operating  in  parallel  at  sample 
rates  ten  times  the  expected  atmospheric  rates  (so  as  to  have  sufficient  phase  margin  in  the  servo). 
These  trackers  are  measuring  phase  gradients  in  the  region  between  the  drive  points  on  the  corrector  mir¬ 
ror  (see  Fig.  9).  This  array  of  phase  gradients  (in  the  figure  there  are  60  in  the  x-direction  and  6U  in 
the  y-direction)  are  fed  to  a  reconstructor  circuit  which  "solves"  Laplace's  equation  in  a  discrete  net¬ 
work.22  The  output  of  the  solver  (or  reconstructor)  is  then  fed  to  the  corrector  element.  The  servo  loop 
is  then  closed  through  the  optical  leg.  There  are  in  fact  two  more  servo  loops  of  interest.  The  overall 
average  phase  (termed  piston)  is  subtracted  from  the  phase  array,  as  is  the  overall  tilt.  The  piston 
value  is  discarded  as  it  is  irrelevant  to  driving  the  corrector;  while  two  tilt  signals  (one  in 
azimuth  and  one  in  elevation)  are  fed  to  a  separate  two-axis  tilt  corrector.  Both  of  these  operations 
preserve  the  usually-limited  stroke  of  the  corrector  element. 

The  corrector  element  is  usually  a  deformable  mirror  with  an  array  of  discrete  actuators  mounted  on 
its  backside.  The  drive  points  correspond  one-to-one  spatially  with  the  output  of  the  reconstructor. 
This  is  referred  to  as  the  zonal  approach.  There  is  also  a  modal  scheme,  conceptually  worthwhile  when 
there  are  only  a  few  drive  points,  which  converts  signals  to  well-known  modes  such  as  focus  and  astigma¬ 
tism.  Soon  we  will  see  that  for  turbulence  compensation  in  the  visible  wavelengths,  the  number  of  drive 
points  may  be  hundreds  to  thousands.  Various  designs  for  corrector  mirrors  are  being  pursued  at  present 
and  are  discussed  at  some  length  by  Hardy23.  One  approach  he  discusses  consists  of  a  monolithic  slab  of 
piezo-electric  material  which  has  holes  drilled  for  implanting  of  electrodes.  Other  mirrors  employ  thin 
face  plates  mounted  on  an  array  of  actuators,  where  each  actuator  consists  of  a  stack  of  piezoelectric 
slabs. 

C.  Error  Sources 


The  five  major  error  sources  limiting  the  performance  of  adaptive  optics  systems  are  (1)  finite  tem¬ 
poral  bandwidth,  (2)  finite  spatial  bandwidth,  (3)  anisoplanatism,  (4)  finite  signal-to-noise  ratio, 
and  (5)  amplitude.  Because  of  these  errors,  the  phase  estimate  deviates  from  the  desired  by  some  amount, 
as  given  by; 

o2  »  <(*(x,  y;  t)  -  <>est(x>  y;  t))2>  •  (16) 

In  the  situation  where  c^2  is  reduced  to  a  small  value  (o^,2  <  1  rad2),  the  Strehl  ratio  is  given 
approximately  by 

S  •  exp(-o2  )  •  (17) 


To  a  close  approximation,  oJ  is  the  sum  of  the  individual  o2  resulting  from  the  aforementioned  residual 

v  ,  *i 

error  sources.  We  now  describe  the  oj  individually.  In  what  follows  we  will  give  sample  numbers 

for  a  system  which  could  be  used  to  correct  the  visible  images  of  stars  on  a  1-m  diameter  astronomical 
telescope.  Equivalent  performance  would  be  observed  on  a  beam  corrected  by  this  system  as  well,  since  as 
noted  previously  the  process  is  reciprocal.  For  this  example  we  will  use  r0  ■  6  cm,  noted  in  Part  I  to 
be  an  average  value  for  visible  propagation  at  zenith. 


The  residual  error  due  to  finite  temporal  frequency  is  given  by  Greenwood21*  to  be 


C<W5/3 


(18) 


where  C  *  1  or  6.2  depending  upon  whether  the  closed-loop  servo  response  has  a  sharp  cut-off  or  is  the 
more  gradual  KC  filter.  The  quantities  fQ  and  f^  are  respectively  the  servo  cut-off  frequency  and  the 
characteristic  atmospheric  frequency,  given  by 

fAs/3  *  0.0196  k2  ll0  C2  (z)  v^tz)  dz  , 


(19) 
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where  v(z)  is  the  wind  velocity  along  the  path.  Typically,  f/\  is  10-2U  Hz  for  astronomical  cases,  but 
to  achieve  a  small  o2  ,  the  fr  should  be  5-10  times  larger.  Thus,  a  servo  bandwidth  of  50-20U  Hz  is 

sufficient  for  astronomical  objects.  Satellites,  however,  move  at  higher  slew  rates,  and  this  additional 
pseudo-wind  must  be  added  to  the  wind  velocity  v(z)  in  Eq.  (19).  The  result  indicates  bandwidths  of  5UU- 
1000  Hz. 

Residual  error  due  to  having  a  finite  number  of  actuators  Na  is  given  by  Greenwood25  to  be 

o2  =  0.274  (D/r  )s/s  N  -s/e  (20) 

<P2  0  3 

The  coefficient  in  £q.  (20)  is  for  a  representative  corrector  element.  The  precise  coefficient  for  con¬ 
tinuous  deformable  mirrors  must  be  calculated  for  the  specific  mirror,  based  upon  a  measured  influence 
function,  where  the  influence  function  is  defined  as  the  surface  deformation  achieved  as  a  result  of  push¬ 
ing  (or  pulling)  a  single  actuator.  The  example  of  astronomical  imaging  would  require  at  least  Na  = 
1400  actuators  to  reduce  the  a2  to  0.10  rad2  (or  1/20  wave)  for  an  r0  =  5  cm.  If  instead,  the 

y2 

system  performance  could  tolerate  a  residual  error  of  0.4  rad2  (or  1/10  wave)  and  further  would  only  oper¬ 
ate  in  good  atmospheric  conditions,  where  r0  =  10  cm,  then  Na  =  69,  representing  a  much  more  modest 
system.  For  one-tenth  wave  residual  error,  the  rule  of  thumb  is  one  actuator  per  r0. 

The  isoplanatic  error  may  be  a  result  of  various  mechanisms  which  cause  the  outgoing  beam  and  the 
reference  wave  to  propagate  along  different  paths.  For  purposes  here,  we  will  assume  that  the  paths  are 
straight,  meet  at  the  aperture,  and  are  separated  by  an  angle  8.  The  residual  error  is  found  by  Fried26 
to  be 

a2  =  (e/0o)5/3  •  F(D/r0,  0/eo)  (21) 

where  80  is  the  isoplanatic  angle,  given  by 

e0*  5/3  =  2.91  k2  /J;  C2  (z)  z5/3  dz  .  (22) 


The  function  F(D/r0, 
provides  curves  for  o2 
imation  for  F  as  J 


8/e0)  is  a  correction  factor  which  approaches  1  for  very  large 
which  includes  the  correction  factor.  Recently,  we  have  determined  a 


D/r0.  Fried 
rough  approx- 


F(D/r0,  0/0o)  -  exp[-1.4(e/eo)s/3  (D/rJ-*  *362  ] 


(23) 


Again  pursuing  the  example  of  astronomical  imaging,  we  find  from  Eq.  (22)  and  average  Cn2  profiles  that 
0O  «  5  grad.  The  offset  angle  0  between  the  two  paths  must  be  maintained  to  0  <  2  grad  in  order  to  re¬ 
duce  o?  to  0.196  rad2  (or  0.07  waves  rms).  Thus,  if  a  star  pair  or  an  extended  object  such  as  a  planet 
+3 

were  being  imaged,  the  correction  would  begin  to  degrade  for  angular  extents  beyond  only  a  few  micro- 
radians. 


Signal-to-noise  limitations  are  very  dependent  upon  system  and  atmospheric  transmission,  sensitivity 
of  detectors,  and  efficiency  of  aperture  sharing  components.  In  addition,  the  phase  sensor  itself  will 
operate  above  the  photon-shot-noise  level  by  some  amount,  as  a  result  of  electronic  noise  and  crosstalk 
typically.  As  an  approximate  expression  for  the  relation  between  o2^  and  the  signal  to  noise  ratio  Sn, 
we  provide 


o 


2 

+4 


CVS2 


(24) 


where  C'  is  on  the  order  of  unity  and  Sn  is  for  a  photon  counting  system  equal  to  /N,  where  N  is  the 
number  of  photoelectron  counts  per  system  update  time  and  per  subaperture.  Ideally,  C'  might  be  as  low  as 
1.2;  however,  the  appropriate  value  must  be  evaluated  for  the  particular  sensor.  Since  Sn  is  propor¬ 
tional  to  the  diameter  of  the  subaperture,  o2  is  inversely  proportional  to  the  area  of  the  subaperture. 

However,  o*  due  to  finite  spatial  bandwidth  is  directly  proportional  to  subaperture  area  to  the  5/6  power. 
Hence,  there  is  a  trade  off  to  be  evaluated  between  o2  and  u2 . 

*2  *4 


To  continue  to  pursue  our  example:  we  will  fix  the  subaperture  size  and  determine  signal-to-noise 
error.  Suppose  optimistically  that  C'  *  1.2,  and  the  desired  o2  =  0.1  rad2.  Then  the  desired  Sn  -  3.5 

y4 

and  N  *  12.  Suppose  furthermore  that  the  atmospheric  transmission  is  0.75,  the  optical  transmission  0.20, 
and  the  detector  quantum  efficiency  0.25.  Then  we  require  320  photons  per  subaperture  per  update  time  at 
the  top  of  the  atmosphere.  Finally,  suppose  the  subaperture  diameter  is  equal  to  5  cm  (based  upon  our 
rule  of  thumb)  and  the  update  time  is  0.5  msec  (based  upon  a  sampling  rate  of  ten  times  the  servo  band¬ 
width,  200  Hz).  Then  the  required  source  irradiance,  referenced  to  the  top  of  the  atmosphere,  is  1.2  x 
lO-*1*  H/cm2 ,  which  corresponds  to  a  star  of  visual  magnitude  niy  *  4.8.  There  are  some  stars  and  planets 
at  least  this  bright.  In  Freeman  Dyson's  paper27  on  the  subject  of  photon  noise  dependence  of  active  op¬ 
tical  systems  he  suggests  that  for  a  10  cm  subaperture  and  update  time  of  10  msec,  the  limiting  brightness 
would  be  mv  *  14.  If  we  scale  our  conditions  accordingly,  we  would  predict  my  =  9.5.  The  remaining 
difference  lies  in  our  rather  conservative  assumptions  about  system  and  atmospheric  transmission,  quantum 
efficiency  and  desired  residual  wavefront  error. 


The  fifth  residual  error  of  concern  is  the  amplitude  fluctuation  present  in  the  aperture  plane  re¬ 
sulting  from  phase  distortion  at  some  distance  from  the  aperture.  This  relationship  needs  little  comment: 


(25) 
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where  ox2  is  given  by  Eq.  (7).  At  zenith  ax2  *  0.05,  thus  a2^  -  0.05.  This  and  all  other  parameters 
would  have  to  be  scaled  for  different  elevation  angle  by  reevaluating  the  various  Cn2  integrals. 

Thus,  we  have  designed  at  a  conceptual  level  a  system  capable  of  compensating  for  turbulence  aberra¬ 
tions  in  astonomical  imaging.  The  "first  class"  system  (designed  for  a  1-m  telescope,  and  anticipating 
r0  =  5  cm)  would  have  a  corrector  element  and  servo  with  1400  channels  operating  at  200  Hz,  a  phase  sen¬ 
sor  with  0.5  msec  update  rate  operating  at  near  the  photon-shot-noise  limit,  and  an  optical  system  with 
reasonably  high  transmission.  Also,  it  would  be  limited  to  angular  extents  of  a  few  prad.  The  resultant 
phase  error  would  thus  be  the  sum  of  the  five  components,  each  of  which  we  endeavored  to  keep  at  0.1  rad2 
or  below.  As  a  result,  the  total  o^2  *  0.5  rad2  and  the  Strehl  ratio  S  =  exp(-0.5)  =  0.61.  This  should 
be  compared  with  the  uncorrected  Strehl  ratio  of  approximately  (r0/D)2,  which  for  this  example  would  be 
0.0025.  The  antenna  gain  and  the  sharpness  of  the  image  would  thus  be  improved  enormously. 

CONCLUSIONS 


In  Part  I  of  this  paper  we  reviewed  the  highlights  of  the  research  in  propagation  of  optical  waves  in 
atmospheric  turbulence,  and  provided  a  number  of  equations,  references,  and  data  plots.  The  state  of  un¬ 
derstanding  in  this  field  is  in  reasonably  good  shape.  It  is  unlikely  that  characteristics  of  the  propa¬ 
gated  wave  could  be  predicted  to  10%,  however  factors  of  2  are  reasonable  expectations,  provided  there  are 
adequate  measurements  of  the  propagating  medium. 

In  Part  II  we  surveyed  the  adaptive  optics  field,  a  field  which  is  still  maturing.  Me  are  able  to 
present  statistical  parameters  which  describe  the  limits  on  the  performance  of  adaptive  optics  systems, 
but  find  that  data  to  substantiate  the  various  relationships  are  lacking.  Adaptive  optics  has  the  promise 
of  approaching  diffraction-limited  performance,  however  each  of  these  limiting  factors  must  be  thoroughly 
understood. 
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Figure  1.  Representative  measurements  of  C„  pro¬ 
files  made  at  Boulder,  Colorado  using  a  remote 
optical  probe,  from  G.  R.  Ochs,  et.  al.® 
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Figure  2.  Seasonally  averaged  Cn  at  9  m  above  the 
surface  in  the  Tularosa  basin,  New  Mexico,  from 
Walters,  et.  al . ' 
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TIME  OF  DAY 


Figure  4.  Coherence  length  r0  versus  time  of  day 
for  propagation  at  zenith  from  a  2-m  desert  site. 
Also  shown  are  data  from  a  2-m  (above  local  surface) 
mountain  site.  Plots  borrowed  from  Walters. H 


Figure  3.  Phase  Structure  Function  D^fr),  measure¬ 
ments  with  Cj?  normal ization,  and  theoretical  r5/3 
dependence,  from  Clifford,  et.  al.10  Circles 
indicate  number  of  data  points  averaged  together. 
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Figure  5.  Plot  of  <jx  (experimental)  versus  ox 
(theoretical  expectation)  from  Gracheva  and 
Gurvich.13  Strohbehn?  believes  that  the  origin¬ 
ally  reported  values  should  be  multiplied  by  1/2, 
which  we  did.  Although  there  have  been  numerous 
measurements  of  this  sort  since  then,  this  repre¬ 
sents  the  first  to  point  out  the  failure  of  the 
theory  for  a  >0.3. 


ANGULAR  FREQUENCY  (CYCLES/MRAD) 

(6a)  LONG-TERM  MTF 


ANGULAR  FREQUENCY  (CYCLES/MRAD) 
(6b)  SHORT-TERM  MTF 


Figure  6.  Long-term  and  short-term  averaged  MTF 
from  Land's  data  plots, 17  and  an  overplot  (solid 
lines)  of  Fried's  theory. 9  (Curves  directly  from 
Land’s  paper.) 
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Figure  7.  Beam  wander  variance  —  data  versus  CnL  dependence,  repeated  from  Dowling  and  Livingston. 
Theoretical  Overplot  is  1.55  L  C^,  given  their  D  =  0.4  m. 
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Figure  8a  &  b.  Diagram  of  Adaptive  Optics  System  implementation  for  Passive  Imaging  Application  (8a), 
and  the  appropriate  modification  to  allow  Injection  of  a  laser  beam  at  the  indicated  interface  (8b). 
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Figure  9.  Example  of  a  phase  (circles)  and  phase  gradient  (arrows)  arrays  for  a  configuration  with  120 
gradients  and  69  phase  points. 


DISCUSSION 


S.  Rotheram  (U.K.):  l)  When  you  measured  phase  gradients  to  reconstruct  the  phase,  you  had  a  two  dimen 
sional  phase  interrupting  technique.  You  described  an  equivalent  electrical  circuit  to  achieve  this, 
you  tell  us  about  the  method  used  and  an  indication  of  the  magnitudes  of  phases  involved? 

2)  Do  these  adaptive  optical  methods  work  in  the  region  of  saturated  irradiance  fluctuation? 

D.  GREENWOOD  (U.S.):  (1)  The  phase  reconstruction  is  an  implementation  of  the  solution  to  Laplace ' s 
equation.  We  use  a  resistor  network,  with  phase  gradients  injected  with  current  drivers. 

(2)  The  phase  variations  are  approximately  *  waves  in  the  visible.  Seme  margin  should  be  allowed, 
however. 

(3)  The  method  should  vork  in  the  saturated  scintillation  regime.  Reciprocity  is  still  valid,  and 
we  only  compensate  for  phase  effects. 
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EFFECTS  OF  ATMOSPHERIC  TURBULENCE  ON  OPTICAL  PROPAGATION 

Robert  S.  Lawrence 
D-Peek,  Inc. 

5475  Western  Avenue 
Boulder,  Colorado  80301 


SUMMARY 


ptical  refractive  index  of  the  atmosphere  depends  on  temperature,  pressure,  and 
Naturally  occurring  variations  of  these  quantities,  with  scales  of  a  few 
s  and  associated  with  atmospheric  turbulence,  cause  optical  scintillation, 
ortion,  and  laser  beam  broadening.  I  review  the  meteorological  conditions  that 
the  occurrence  of  this  optical  turbulence,  discuss  the  optical  significance  of 
at  various  heights  in  the  atmosphere,  and  point  out  the  differences  between 
cal  effects  and  the  corresponding  phenomena  at  radio  wavelengths. 


While  beam  broadening  increases  indefinitely  with  the  strength  of  optical  turbulence 
scintillation  saturates  and  eventually  decreases  with  increasing  turbulence.  1  discuss 
this  important  effect  and  describe  a  phenomenological  theory  that  explain  s  /sr 


y  that  explains 
y  atmospheric  turburcncc  on 


I  conclude  with  estimates  of  the  limitations  imposed  by  atmospheric  turburcncc  on 
various  types  of  optical  systems  and  mention  the  techniques  that  can  be  used  to  measure 
optical  turbulence. 

1.  INTRODUCTION 

Re fractive - index  variations  in  the  clear  atmosphere  affect  electromagnetic  waves, 
both  radio  and  optical,  passing  through  them  and,  in  most  cases,  degrade  the  performance 
of  radio  and  optical  systems.  A  notable  exception,  where  the  refractive- index  variations 
are  useful,  occurs  when  radio-wave  forward  scatter  is  used  for  over  -  the -hor  i  ton  communi¬ 
cation.  As  we  shall  see,  the  sizes  of  the  most  important  irregularities  are  near  />  1. 
where  X  is  the  wavelength  and  L  is  the  distance  from  the  transmitter  or  receiver  to 
the  irregularity.  Thus,  while  the  irregularities  that  most  affect  radio  systems  have 
dimensions  of  meters,  those  that  concern  optical  systems  are  only  a  few  centimeters  in 
size.  We  shall  concentrate  our  attention  on  these  small  irregularities. 

Besides  their  size,  there  is  another  important  difference  between  the  irregularities 
that  affect  optical  systems  and  those  that  influence  radio  waves.  The  radio  refractive 
index  depends  strongly  on  the  water  vapor  in  the  air  while,  at  optical  wavelengths,  the 
refractive  index  is  principally  affected  by  temperature  variations. 

I  make  no  attempt  to  present  mathematical  details  or  a  comprehensive  bibliography. 
Those  desiring  such  information  are  referred  to  review  papers  by  LAWRENCE,  and  STROHBE1IN 
(1970)  and  by  FANTE  (1975),  to  a  book  edited  by  STROHBEHN  (1978),  and  to  a  handbook 
chapter  by  HU FN AG EL  (1978). 

2.  THE  REFRACTIVE  INDEX  OF  THE  ATMOSPHERE 

The  refractivity  of  air  at  optical  wavelengths  is,  to  a  good  approximation,  simply 

N  =  79  £  (1) 

where  P  is  the  atmospheric  pressure  in  mb  and  T  is  the  temperature  in  K.  N=(n-1)  -10’- 

is  the  deviation  of  the  refractive  index  from  unity  in  parts  per  million,  the  familiar 

"N-units”  used  in  radio  work.  N  is  roughly  290  at  sea  level.  This  approximation  neglects 
the  variation  of  air  density  caused  by  the  presence  of  water  vapor.  The  wavelength 

dependence  of  N  is  about  10  percent  over  the  visible  range  of  wavelengths;  the  humidity 

dependence  is  small  but  may  occasionally  be  significant.  These  matters  have  been  reviewed 
by  OWENS  (1967)  and  by  FRIEHE  et  al.  (1975).  HILL  et  al.  (1980)  have  discussed  the 
refractive  index  in  the  infrared  portion  of  the  spectrum. 

3.  REFRACTIVE- INDEX  TURBULENCE 

Whenever  I  refer  to  "turbulence”  1  shall  mean  the  ref ract i vc - index  (or  temperature) 
turbulence  rather  than  the  mechanical  or  velocity  turbulence  commonly  measured  with  hot¬ 
wire  probes.  The  distinction  is  important  because,  when  the  atmosphere  is  in  neutral 
thermal  stability,  i.e.,  when  the  temperature  lapse  rate  is  adiabatic,  strong  mechanical 
turbulence  may  exist  with  little  or  no  optical  effect. 

The  most  widely  accepted  description  of  the  structure  of  mechanical  turbulence 
appeared  when  KOLMOGOROV  (1941)  considered  the  structure  function  D  between  two  compon¬ 
ents  of  velocity,  call  them  a,B  where  <i,e  *  x,y,z. 

Da,p(r)  *  I  V.,  ( '. )  -  V  (  ( •'  t  r )  |  ■  (2) 

for  a  span  r  along  coordinate  f, .  Purely  from  dimensional  analysis  he  found  M  to 
be  proportional  to  the  two-thirds  power  of  the  separation,  i.c., 


i 
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where  C^g  is  a  parameter  depending  on  the  components  and  the  energy  involved. 

An  advance  of  direct  interest  to  optical  propagation  came  when  C0RRS1N  (1951 J  used  a 
similar  dimensional  analysis  to  consider  the  temperature  fluctuations  in  turbulence.  The 
structure  function  of  this  scalar  parameter  turns  out  also  to  obey  the  two-thirds  law 
i.e,, 

DT(r)  =  C||r|2/3  ( 4  J 

where  CT2  ,  the  "temperature  structure  parameter",  depends  on  the  energy  involved  in  the 
turbulence  and  on  the  temperature  lapse  rate  of  the  atmosphere. 

Pressure  fluctuations  in  turbulent  air  are  smoothed  out  with  the  speed  of  sound,  and 
are  negligible  compared  to  temperature  fluctuations.  Differentiating  the  equation  for 
refractivity  and  eliminating  6P,  we  see  that  the  ref ract ive- index  fluctuations  are 
related  to  the  temperature  fluctuations  by  the  formula 


6N  =  -79  I  6T  (S) 

T2 

Accordingly,  the  ref ract ive- index  structure  function, 

DN(r)  =  C2|r|2/3=  "c2|r|2/3  (6) 

where  C^*Cjj*1012  and  C2  is  the  ref  ract  ive- index  structure  parameter. 

4.  METEOROLOGICAL  AND  GEOGRAPHICAL  INFLUENCES 


The  most  important  cause  of  optical  turbulence  is  the  convection  generated  when  the 
air  in  contact  with  the  sunlit  ground  is  heated  and  rises.  The  turbulent  temperature 
variations  thus  generated  decrease  rapidly  with  height  and,  up  to  the  first  temperature 
inversion  which  is  typically  about  a  kilometer  above  the  ground,  C2  is  expected  from 
theoretical  considerations  to  decrease  as  the  -4/3  power  of  the  height  (WYNGAARD  et  al. 
(1971)).  During  cloudy  weather  and  at  night  the  decrease  is  less  rapid.  WALTERS  and 
KUNKEL  (1981)  found  an  overall  average  decrease,  over  land,  that  varied  as  the  -1.16 
power. 


Above  the  first  inversion,  the  variation 
of  C2  with  height  has  been  modeled  by 
HUFNAGEL  (1978),  using  observations  of  stellar 
scintillation  and  the  data  from  the  few 
balloon-borne  f ast - response  temperature  probes 
that  have  been  flown.  In  the  Hufnagel  model, 
the  value  of  C2  depends  slightly  on  wind 
speed.  A  typical  C2  profile  is  shown  by  the 
dotted  curve  in  Figure  1.  Because  there  is  so 
little  water  vapor  at  high  altitudes  even  when 
the  relative  humidity  is  100  percent,  the  radio 
and  optical  profiles  of  C2  must  agree  above  a 
few  kilometers.  Observations  of  the  radio 
profile  have  been  reported  by  VanZANDT  ct  al. 
(1978) . 


4.1  Meteorological  influences 


The  influence,  over  land,  of  meteorological 
conditions  and  time  of  day  on  the  strength  of 
optical  turbulence  has  been  discussed  at  length 
by  WALTERS  and  KUNKEL  (1981),  using  an  extensive 
data  set  gathered  at  White  Sands,  New  Mexico. 
There  are  three  very  different  regimes,  depend¬ 
ing  on  atmospheric  stability. 


In  the  daytime,  when  th 
ground,  the  average  value  of 
to  less  than  10  1  sm  2'3  a 
temperature  difference  betwe 
rapidly  to  the  presence  of  c 
thermal  plumes  into  which  at 
diameters  of  a  hundred  meter 
observed  near  the  ground  var 
or  absence  of  a  plume  at  the 
acoustic  sounder.  Figure  3  s 
height  and  time  observed  on 
back-scattering  of  acoustic 
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During  these  unstable  conditions,  the 
value  of  C*  is  nearly  independent  of  wind 
speed.  Since  it  is  associated  with  solar 
heating  of  the  ground,  the  daytime  turbu¬ 
lence  cannot  be  avoided  by  climbing  a 
mountain.  The  low-level  turbulence,  as 
organized  into  thermal  plumes,  is  particu¬ 
larly  annoying  to  solar  astronomers  who 
must,  by  definition,  work  on  sunny  days. 
Instructive  discussions  of  solar  "seeing" 
have  been  published  by  COULMAN  (1969, 

1974). 

When  the  atmosphere  is  in  neutral 
stability,  i.e.,  when  the  temperature  lapse 
rate  is  adiabatic,  mechanical  turbulence  is 
not  accompanied  by  optical  effects.  An 
interesting,  though  transitory,  situation 
occurs  near  sunrise  and  sunset  when,  over 
land,  the  ground  temperature  and  the  air 
temperature  are  equal.  Then,  for  a  few 
moments,  assumes  a  minimum  value. 

WALTERS  and  KUNKEL  (1981)  discuss  these 
transition  periods. 


At  night,  the  ground  is  cooler  than 
the  air  and  the  atmosphere  is  generally 
stable.  If  the  wind  speed  is  low,  there  is 
little  mixing  of  the  air,  and  air  of  differ¬ 
ent  temperatures  settles  into  thin  layers 
which,  like  the  surface  of  the  ocean,  are 
subject  to  gravity  waves.  The  temperature 
gradients  can  be  very  large  in  the  stable 
atmosphere,  and  C*  can  equal  or  exceed 
its  daytime  value.  It  varies  greatly  and 
intermittently.  Figure  4  shows  how  these 
stable  layers  appear  on  an  acoust ic - sounder 
record.  Incidentally,  these  same  thin 

layers  of  contrasting  refractive  index  can  seriously  distort  or  bend  a  horizontal 
beam  and,  in  severe  cases,  may  cause  total  internal  reflection  and  produce  discont 
jumping  of  the  beam,  jumping  that  is  difficult  to  track  with  a  servo  tracker. 


LOCAL  TIDE 
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Unlike  the  daytime  case,  a  sharp  mountain  can  elevate  the  observer  above  these 
troublesome  stable  layers.  This  explains  the  predilection  of  optical  astronomers  for 
mountaintops . 


Over  water,  the  diurnal  effects  are  weaker  than  over  land  because  the  water  temper¬ 
ature  is  nearly  constant.  Mild  convection  frequently  occurs  both  day  and  night  and  the 
situation  is  complicated  by  the  presence  of  water  vapor.  Few  data  exist  for  profiles  in 
the  marine  atmosphere,  though  OCHS  and  LAWRENCE  (1972)  published  some  measurements. 


TABLE  MOUNTAIN  FIELD  SITE.  COLORADO 
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Local  Time  February  17,  1971 


t'ig.  i .  A  typical  daytime  acoustic 
sounding  of  the  lower  atmosphere 
showing,  as  dark  areas,  the 
turbulent  thermal  plumes  caused  by 
solar  healing  of  the  ground. 
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phere  will  sometimes  increase  C2 


decreases  their  refractive  index.  Thus,  the  refr 
increased.  If  hot,  dry  desert  air  passes  over  a 
moisture  are  cooled  by  the  process  and  the  refrac 
tends  to  cancel  that  caused  by  the  increased  water  vapor.  FRIEHE 
this  matter  at  length. 

4.2  Geographical  influence 

Since  optical  turbulence  is  so  strongly  influenced  b) 
that  localities  with  different  climates,  may  have  very  dii 
lence.  Surprisingly,  little  has  been  done  to  produce  systematic  surveys  of 
Astronomers,  with  their  serious  need  to 
reduce  atmospheric  effects,  have  made 
surveys  of  the  overall  effect  of  the  atmos¬ 
phere  and  have  concluded  that  the  windward 
side  of  mountaintops  in  climates  with  high- 
pressure,  stable  atmospheric  conditions  are 

most  favorable.  C2  profile  measurements 
n  r 

have  been  made  at  some  sites  and  reveal 
interesting  trends.  For  example,  at 

Boulder,  Colorado,  downwind  of  more  than 
1000  km  of  mountainous  terrain,  averages 
about  ten  times  greater  than  at  Hawaii,  at 
all  altitudes. 
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Figure  5  shows  a  vertical  section  of 

C2  structure  over  Mt .  Haleakala  in 
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5.  THE  EFFECTS  ON  OPTICAL  SYSTEMS 

The  small-scale  variations  in  refrac- 
tivity  have  three  principal  effects  on 
optical  systems: 


S.l  Scintillation 


The  turbulent  irregularities  in  the 
atmosphere  produce  phase  and  amplitude 
distortions  in  optical  waves.  These  are 


known 

as  phase 

scintillation 

s  and 

intensity 

scint 

illations . 

The  term  "sc 

intill 

ation"  is 

often 

used  to  mean  intensity 

scint 

illations 

Re  ferring 

to  Figure  0, 

let  us 

cons ider 

the  b 

chavior  of 

a  plane  wave 

f  ront 

A,  such 

as  mi 

ght  arrive 

from  a  star, 

as  it 

travels 

through  the  turbulent  atmosphere.  Immediate¬ 
ly  after  passing  through  a  region  of  irregu¬ 
lar  refractive  index,  the  wavefront  B  has 
been  distorted.  Since  absorption  and  wide- 
angle  scattering  are  negligible  in  the 
clear  atmosphere,  the  energy  density  of  the 
wavefront  B  is  still  uniform  and  equal  to 
its  freespace  value.  Thus  an  ordinary 
square-law  detector  placed  at  B  would  be 
unaffected  by  the  wavefront  distortions  and 
incapable  of  measuring  them.  The  distor¬ 
tions  can,  of  course,  be  measured  by  a 
phase  -  sens  it i ve  detector  such  as  an  inter¬ 
ferometer  or  a  telescope. 


As  the  wave  progresses  from  B  towards  ■■■<  . 

C,  the  various  portions  of  the  distorted  V'.  .  V;',  ’ 

wavefront  travel  in  slightly  different  ; 

directions  and  eventually  begin  to  inter-  ,  ' 'l' ‘  \  ... 

fere.  The  interference  is  equivalent  to  a 
redistribution  of  energy  in  the  wave  and 
causes  intensity  fluctuations,  i.c.,  scintil¬ 
lations,  that  can  be  detected  by  a  square-law  detector.  On  the  way  from  B  to  C 
wave  passes  through  additional  re f ract i ve- index  irregularities  and  so  suffers  additi 
phase  perturbations.  These  new  irregularities  are,  however,  relatively  ineffective 
producing  scintillations  at  C. 
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Let  us  examine  the  criteria  that  determine  which  of  the  turbulent  i rregul a r j t i es 
along  a  line  of  sight  are  most  effective  in  producing  scintillations.  In  figure  con¬ 
sider  an  irregularity  of  diameter  H  at  an  arbitrary  point  Z  on  the  line  of  sight 
between  the  plane  wave  and  the  receiver  at  L.  The  irregularity  can  be  fully  effective 
in  producing  intensity  variations  only  if  the  extreme  ray  paths' AL  and  ZL  differ  in 
length  by  at  least  half  a  wavelength,  i.c.,  the  irregularity  must  be  at  least  equal  in 
size  to  the  first  zone  of  a  Fresnel  zone  plate  situated  at  Z.  This  minimum  effective 
size  is,  in  fact,  tiie  optimum  size  for  the  irregularity.  Larger  irregularities  at  the 
same  point  are  ineffective  because  they  do  not  diffract  light  through  a  large  enough 
angle  to  reach  the  observer.  While  it  is  true  that  smaller  irregularities  produce 
intensity  fluctuations  at  points  closer 
than  L  and  that  these  fluctuations 
persist  in  modified  form  until  the  wave 
readies  L,  such  smaller  irregularities 
are  relatively  ineffective  because  of  the 
steep  increase  in  the  Kolmogorov  spectrum 
of  atmospheric  turbulence  with  irregular¬ 
ity  size. 

From  the  geometry  of  Figure  7,  we 
see  that  the  diameter  of  the  most  effect¬ 
ive  irregularity  at  height  h  is  H=/XE, 
where  X  is  the  wavelength  of  the  light. 

As  a  numerical  example,  for  visible  light 
of  wavelength  0.5  pm  and  for  a  height  of 
10  km,  1  =  7  cm.  When  the  same  geometrical 
argument  is  applied  to  the  spherical  waves 
originating  from  a  point  source,  we  find 
that  the  same  /TL  relationship  holds 
where,  in  this  case  L  is  the  distance  F  ij.  ’.  7  k*.  ir.r.-":cd 

between  the  source  and  the  observer.  cuTpati*:  r  the  aia'e  ike  r,  - 

ft*  set  f  ;>«-  i  Kdex  i  rr*j.<  l  rri  z’.ce 

We  can  get  an  idea  of  the  probability  tkai  3ve  ;  :v  re¬ 
distribution  function  of  the  irradiance  Jujivj 

(in  radio  terms,  the  power  that  would  be 
received  by  a  isotropic  receiving  antenna) 

of  a  scintillating  optical  signal  from  very  simple  arguments.  If,  as  in  the  case  of 
ionospheric  scintillation  of  radio  stars,  all  the  irregularities  lie  in  a  relatively 
thin,  bounded  region  somewhere  between  the  source  and  the  receiver,  the  various  irregular¬ 
ities  that  contribute  to  the  observed  scintillation  do  so  additively  and  simultaneously. 

We  know  that  the  superposition  of  many  scattered  signals  with  random  phases  and  the  main, 
unscattered  signal  produce  a  Rice-Nakagami  distribution  (XORTO.Y  et  a  1.  (1955))  which,  in 
the  limit  of  strong  scattering  and  no  unscattered  signal,  becomes  an  exponential  distri¬ 
bution  (Rayleigh,  in  amplitude). 

If,  on  the  other  hand,  as  in  optical  propagation  through  the  atmosphere,  the  irregu¬ 
larities  occur  over  many  Fresnel  distances  along  the  path,  the  light  repeatedly  travels 
through  irregularities  ar.d  then  proceeds  far  enough  to  develop  additional  scintillations. 
These  repeated  scintillations  accumulate  mult ipl icat i vely ,  that  is,  their  logarithms  add, 
so  we  can  expect  the  irradiance  distribution  to  be  log-normal.  In  fact,  observed  scintil¬ 
lations  are  nearly,  but  not  quite  exactly,  log-normal.  This  matter  is  discussed  in  detail 
by  STROHBEHN  (1978),  pp.  97-104. 

The  temporal  frequency  spectrum  of  scintillations  peaks  near  the  frequency  with 
which  the  predominant  scintillation  size,  /XT,  is  advected  across  the  line  of  sight  by 
the  crosswind  component  of  the  mean  wind.  Thus,  very  few  scintillations  exceed  500  Hz  in 
frequency,  and  a  significant  number  are  at  frequencies  below  the  10  Hz  cut-off  of  the 
human  eye.  GRACHEVA  et  al.  (1978)  show  and  discuss  many  observed  frequency  spectra. 

The  strength  of  scintillations,  as  measured  by  the  variance  of  the  logarithm  of  the 
amplitude,  increases  at  first  with  the  strength  of  the  optical  turbulence  as  measured  by 
C*  and  with  the  pa*h  length.  However,  when  the  integral  of  C^  along  the  path  becomes 
large  enough  to  produce  a  log-amplitude  variance  exceeding  0.4,  the  scintillations  begin 
to  increase  more  slowly  and,  with  sufficient  integrated  C*,  actually  decrease.  This 
effect  is  known  as  "saturation"  of  scintillations  and  is  well  illustrated  in  the  diurnal 
scintillation  observations  of  Figure  Z. 

Saturation  occurs  because,  once  phase  fluctuations  have  been  imposed  upon  a  wave- 
front,  subsequent  encounters  with  irregularities  larger  than  those  fluctuations  are  in¬ 
effective.  After  the  wave  has  travelled  through  enough  irregularities  so  that  the  phase 
correlation  distance  in  the  wavefront  has  been  reduced  to  the  Fresnel -zone  size,  /XT, 
severe  saturation  ensues  because  all  the  irregularities  that  would  have  been  most  important 
in  producing  scintillations  arc  rendered  ineffective.  A  heuristic  theory  of  saturation 
was  first  presented  by  CLIFFORD  et  al.  (19'4!  and  by  CLIFFORD  and  YURA  (1974).  It  has 
been  made  more  exact  by  HILL  and  CLIFFORD  (1981).  The  practical  importance  of  saturation 
lies  in  the  fact  that,  although  the  log - ampl i tude  variance  of  scintillations  is  self- 
limiting,  the  scintillations  become  continuously  smaller  in  size  after  saturation  is 
reached.  This  means  that  the  temporal  frequencies  of  the  scintillation  become  larger  in 
the  saturation  region  and  that  the  resulting  beam  broadening  increases  indefinitely. 
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5.2  Beam  broadening 

When  describing  the  origin  of  scintillations,  we  mentioned  that  various  portions  of 
the  perturbed  wavefront  travel  in  different  directions,  each  parallel  to  its  local  normal. 
This  implies  that  any  portion  of  the  wavefront,  a  beam  must  be  broadened  as  a  result  of 
the  refractive- index  irregularities.  The  amount  of  broadening  increases  as  and 

is  not  limited  by  any  saturation  effect.  In  the  absence  of  absorption,  the  total  energy 
in  the  beam  remains  constant  so  the  beam  energy  received  by  a  given  receiver  must  decrease 
witlv  increasing  turbulence,  affecting  the  performance  of  l’idar  and  optical  communication 
systems.  When  the  turbulence  is  not  uniformly  distributed  along  the  beam,  (.'*  at  posi¬ 
tion  ;  along  a  path  1.  is  weighted  by  a  factor  11 

which  simply  states  that  turbulence  near  the  transmitter  is  more  destructive  to  the  beam 
than  is  turbulence  near  the  receiver.  One  practical  implication  of  this  fact  is  that, 
for  optical  communication  between  earth  and  space,  downlinks  work  better  than  uplinks 
and,  unlike  uplinks,  can  benefit  from  space  diversity. 

It  is  not  very  useful  to  give  an  approximate  formula  for  calculating  beam  broadening 
because,  depending  upon  atmospheric  conditions,  turbulent  beam  broadening  can  he  dominated 
by  other  effects.  The  beam  wanders  because  of  the  turbulence,  so  the  long-term  average 
illumination  of  the  observing  plane  occurs  on  a  spot  considerably  larger  than  the  in¬ 
stantaneous  beam  diameter.  If  the  path  is  long  or  the  turbulence  strong,  the  spot  is 
broken  into  isolated  patches,  each  of  which  fluctuates  and  wanders.  In  addition,  when 
the  atmosphere  is  stable  and  gravity  waves  are  present,  a  horizontal  beam  will  wander, 
principally  in  the  vertical  direction,  by  amounts  far  exceeding  the  turbulent  wander.  in 
severe  cases,  this  beam  wander  becomes  discontinuous,  with  the  spot  disappearing  at  one 
location  and  re-appearing  at  a  different  location. 

A  succinct  and  authoritative  *-reatmert  of  beam  broadening  is  given  by  liUFXACLI.  ild’ki. 
5.5  Loss  of  image  resolution 

In  a  manner  analagous  to  the  broadening  of  a  beam,  each  point  of  an  optical  image  is 
blurred  by  the  atmosphere.  further,  in  analogy  to  the  wandering  of  a  beam,  each  point 
of  the  image  moves  relative  to  other  points,  further  distorting  the  image.  Thus,  long 
and  short  exposures  of  images  exhibit  different  amounts  of  image  degradation.  The 
blurring  is  described  in  terms  of  the  "point  spread  function"  or  its  Courier  transform, 
the  "modulation  transfer  function".  As  with  beam  broadening,  the  effectiveness  of  the 
turbulence  in  destroying  the  image  varies  depending  on  its  position.  Turbulence  near  the 
object  is  much  less  effective  than  turbulence  near  the  camera  lens.  Thus,  it  is  possible 
to  photograph  the  earth  from  a  satellite  and  get  resolution  of  only  a  few  cm,  while  it  is 
scarcely  possible  to  resolve  the  major  elements  of  a  satellite  photographed  from  the 
earth . 

Two  types  of  methods  can  be  employed  to  improve  the  resolution  of  images  made  through 
the  turbulent  atmosphere. 

First,  interferometry  can  be  used.  Here,  the  phase  of  the  fringes  is  discarded 
because  the  atmosphere  primarily  affects  the  phase.  I  lie  amplitude,  or  "visibility",  of 
the  fringes  is  measured  for  various  aperture  separations,  and  the  resulting  visibility 
function  is  the  Fourier  transform  of  the  autocorrelation  function  of  the  image.  This  is 
useful  only  for  simple  images,  such  as  double  stars,  because  only  the  spatial  autocorre¬ 
lation  function  is  obtained,  not  the  image  itself.  A  variation  is  "speckle  interfer¬ 
ometry"  where,  for  very  simple  objects,  the  mutual  interference  of  various  portions  of 
the  object  can  be  used  to  derive  the  autocorrelation  function  of  the  image. 

Second,  it  is  possible  to  place  a  point  source  of  light  near  the  object  to  be  imaged 
and,  by  actively  distorting  the  optical  system  of  tiie  receiver  so  as  to  minimize  the 
point  spread  function  from  that  beacon,  to  partially  correct  for  the  atmospheric  turbulence 
over  a  portion  of  the  image  near  the  image  of  the  beacon.  This  method,  called  "adaptive 
optics",  is  very  difficult  because  the  distortion  of  the  optical  system  must  he  accom¬ 
plished  in  less  than  about  a  millisecond,  and  independently  at  many  portions  of  the 
optical  system.  A  special  issue  of  the  .JOURNAL  OF  1111  OPTICAL  SOLI  LTV  01  AMI  RICA  (  1 ' 
was  devoted  to  adaptive  optics. 

0.  MUASURLMLNT  OF  OPTICAL  TURBULLNCL 

The  most  commonly  used  method  of  measuring  optical  turbulence  in  the  atmosphere  is 
an  indirect  one.  Fine-wire  probes  measure  the  temperature  fluctuations  and  is 

derived  using  Lq.f6).  The  probes  arc  not  heated  since  the  resistance  of  hot  wires  depends 
on  the  velocity  of  the  passing  air  while  the  resistance  of  cold  wires  depends  on  the 
temperature  of  the  air  (I.  AW  RUNC  I: ,  OCHS,  and  CI.IIK'RH  ibis  indirect  measurement 

ignores  the  usually  small  effect  of  water  vapor  and  is  experimentally  difficult  because 
of  breakage  and  contamination  of  the  very  fine  wires.  larger,  more  durable  wires  can  he 
used  but  this  moves  the  spatial  sizes  of  the  observation-  away  from  the  sires  ot  the 
optically  Important  irregularities,  requiring  assumptions  that  the  spectrum  ot  turbulence 
agrees  with  some  theoretical  model. 


Fine-wire  probes  have  been  used  in  a  variety  of  situations  near  the  ground  and  on 
towers,  they  have  been  carried  aloft  by  high-altitude  balloons,  and  they  have  been  used 
on  aircraft  (OCHS  and  LAWRENCE  (1972)).  To  a  large  extent,  they  are  responsible  for  what 
we  know  of  the  morphology  of  C^. 

An  optical  method  of  measuring  the  integrated  value  of  C2  along  a  path  has  been 
developed  by  WANG  et  al .  (1978)  and  improved  by  OCHS  and  CARTWRIGHT  (1981).  When  it 
was  first  proposed,  this  optical  scintillometer  was  rightly  criticized  as  being  inaccurate 
because  of  the  saturation  effect,  but  this  problem  has  been  eliminated  and,  where  ex¬ 
perimental  conditions  permit  its  use,  the  method  is  more  convenient  and  dependable  than 
the  use  of  probes. 

The  integrated  amount  of  optical  turbulence  through  the  entire  atmosphere  can  be 
measured  by  observing,  at  the  ground,  the  size  of  a  stellar  image  (WALTERS  (1981)). 
Although  such  measurements  are  useful,  it  would  be  preferable  to  know  the  vertical  profile 
of  C2  so  that  the  atmospheric  effects  on  a  variety  of  optical  systems,  with  various 
vertical  weighting  functions,  could  be  computed.  OCHS  et  al.  (1976)  developed  an  optical 
stellar  scintillometer  to  measure  vertical  profiles  of  C 2 ,  and  it  has  been  used  regularly 
at  a  limited  number  of  sites.  The  problem  is  that  the  instrument  is  complex  and  expensive 
and  that  the  vertical  resolution  is  poor.  The  instrument  is,  of  course,  limited  to  use 
only  on  clear  nights.  Figure  1  shows  data  from  a  stellar  scintillometer. 

The  ideal  way  of  studying  the  geographical  distribution  and  climatology  of  C2  would 
be  to  find  a  method  of  predicting  optical  turbulence  from  conventional  meteorological 
observations.  If  this  could  be  done,  the  huge  data  banks  of  weather  observations  would 
become  useful  to  the  optical  engineer.  Several  serious  attempts  to  do  this  have  been 
made,  but  the  results  have  been  disappointing,  to  say  the  least. 

7.  CONCLUSION 


We  understand,  in  a  quantitative  manner,  the  effects  of  atmospheric  turbulence  on 
optical  propagation,  and  can  use  that  understanding  to  predict  the  effects  of  given 
turbulence  on  a  particular  optical  system.  We  know,  in  general  terms,  which  parts  of  the 
atmosphere  contain  the  most  damaging  turbulence.  We  can  measure  optical  turbulence  and 
we  have  theories  for  its  causes,  but  we  are  unable  to  predict  its  detailed  occurrence. 
Extensive  surveys  such  as  those  that  have  been  made  at  White  Sands,  New  Mexico  and  at 
Maui,  Hawaii  tell  us  what  to  expect  in  several  very  different  geographical  situations, 
and  suggest  what  the  worldwide  limiting  values  may  be. 
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DISCUSSION 


D. P.  Greenwood  (U.S.):  We  find  that  in  propagation  from  ground-to-space,  the  fading  statistics  are  nearly 
Rayleigh.  In  your  discussion  you  speak  only  of  distributed  turbulence  where  you  have  a  log-normal 
distribution. 

R.F.  Lawrence  (U.S.):  Yes,  thank  you  for  pointing  that  out.  If  the  turbulence  is  highly  concentrated  near 
one  end  of  the  path,  the  distribution  is  not  log-normal. 

2 

E.  Vilar  (U.K.):  You  described  the  refractive  index  structure  parameter  C  ,  brought  about  by  turbulence 

n  “16  - | 7 

and  therefore  by  variability  of  temperature.  Your  extremes  In  the  optical  path  of  10  and  10  compare 

with  l<f'3  and  in  the  radio  path.  One  must  use  C  *  carefully  to  sense  layers  in  the  microwave  region. 

n 

2 

R.S.  Lawrence  (U.S.):  in  a  marine  or  a  highly  humid  environment,  water  vapor  is  dominant  in  radio  C 

2  2  n 
than  In  optical  C  (so  radio  C  Is  larger).  In  a  desert,  dry  hot  air  passing  over  a  lake  picks  up 
n  n  2 

moisture  and  cools  the  air.  Humidity  reduces  optical  C  ,  while  temperature  increases  It,  so  that  the  best 

n  2 

locales  are  In  the  center  of  a  lake  in  the  desert  for  optical  C  .  Above  the  clouds  or  more  than  3-4  km 

2  "  2 

altitude,  even  with  saturated  water  vapor,  the  optical  C  and  radio  C  are  simitar. 
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RESUME  : 

On  presente  les  premiers  essais  d'estimation  de  la  hauteur  du  conduit  d'evaporation  k  partir  des  sorties  d'un  modfele 
de  provision  numdrique  utilise  en  mdtdorologie. 

Le  modfele  utilise  est  celui  du  CEPMMT.  A  partir  des  sorties  en  points  de  grille  de  vent  k  lO  mfetres,  temperature 
et  Td  k  2  mfetres,  et  temperature  de  surface  de  1'Ocdan,  on  calcule  la  hauteur  du  conduit  d'evaporation. 

On  teste  la  mdthode  sur  une  partie  de  l'Atlantique  Nord  et  sur  une  zone  de  1'Ocdan  Indien,  en  comparant  les 
estimations  du  modfele  avec  les  observations  des  navires  meteorologiques. 

I  -  INTRODUCTION 


Les  seules  informations  actuellement  disponibles  sur  la  hauteur  du  conduit  d'evaporation,  tant  du  point  de  vue 
ponctuel  (situation  k  un  instant  donne)  que  climatologique,  viennent  de  mesures  in-situ,  soit  de  navires  meteo  - 
rologiques,  soit  de  conditions  de  propagation. 

Or  les  progrfes  realises  en  modeiisation  des  phdnomfenes  meteorologiques  permettent,  dans  certaines  applications, 
d'utiliser  les  sorties  numdriques  quand  les  mesures  font  defaut.  II  est  done  interessant  d' examiner  si  le  niveau 
actuel  de  sophistication  des  modules  meteorologiques  est  suffisant  dans  le  cas  du  conduit  d'evaporation. 

La  demarche  consiste  k  utiliser  les  champs  en  surface  calculde  par  un  modfele  en  exploitation,  aussi  performant 
que  possible  dans  les  trfes  basses  couches,  pour  calculer  la  hauteur  du  conduit  (ainsi  qu’un  paramferre  de  stabilite, 
dans  notte  cas  la  longueur  de  Monin-Obukhov). 

On  compare  le  rdsulrat  avec  les  observations  disponibles  de  navires  meteorologiques. 


II  -  DESCRIPTION  DU  MODELE  METEOROLOGIQUE 

Le  modfele  de  prevision  mdtdorologique  numerique  utilise  est  celui  du  Centre  Europden  pour  les  Previsions 
Meteorologiques  k  Moyen  Terme  (CEPMMT)  situe  k  Reading  (U.K.).  Parmi  les  modfeles  actuellement  exploites 
dans  le  monde,  il  est  un  de  ceux  qui  traitent  le  mieux  les  basses  couches,  grace  k  une  resolution  verticale 
de  4  niveaux  entre  O  et  1500  m  d'altitude. 

II  est  spectral,  de  troncature  autorisant  une  definition  de  1.5°  environ,  sur  tout  le  globe.  II  tourne  une  fois 
par  jour  k  partir  du  rdseau  d'observation  de  12  heures  TU,  et  calcule  des  champs  prevus  sur  tout  le  globe 
jusqu'k  lO  jours  d'echeance.  Parmi  ces  champs  se  trouvent  le  vent  k  lO  m  au  dessus  du  sol,  la  temperature 
T  et  la  temperature  du  point  de  rosee  Td  k  2  m. 

Le  dernier  champ  done  nous  avons  besoin,  qui  est  la  temperature  de  surface  de  la  met  Ts,  n'evolue  pas  avec 
la  prevision,  mais  reste  identique  au  champ  initial,  qui  est  une  analyse  sur  une  grille  de  5  degrds  sur  5  degrds 
faite  par  le  NMC  (National  Meteorological  Center  US). 

Cela  peut  naturellement  enttamer  des  erreurs  importantes  sur  les  dchdances  dlevdes.  Pour  le  present  travail, 
nous  avons  utilise  les  dchdances  36,  48  et  72  heures,  qui  correspondent  k  des  champs  k  Oh  TU  pour  l'6cheance 

36,  et  12  h  TU  pour  48  et  72.  On  aurait  pu  utiliser  plutot  des  champs  analyses,  mais  leur  qualite  est  a  priori 

de  mdme  ordre  que  celle  de  champs  prdvus  k  dchdance  faible  (I'information  qui  sen  k  les  calculer  6tant  essentiel- 
lement  les  champs  prdvus  k  partir  des  rfeseaux  precedents).  II  fetait  done  plus  interessant  de  tester  d'emblde 
des  champs  prdvus. 

La  maille  dquivalente  du  modfele,  qui  vaut  1.5°,  n'autorise  pas  une  description  fine  des  zones  de  transitions 
terre-mer.  Ceci  explique  que  les  raleurs  des  champs  de  surface  (Td  et  Ts  notamment)  prfes  des  cotes  ne  sont 

pas  representatives  des  conditions  mariiimes  rfeelles.  Le  calcul  du  conduit  d'evaporation  ne  sera  done  pas  possible 

dans  ce  cas,  ce  qui  exclut  par  exemple  la  Mdditerrande. 

HI  CALCUL  DE  LA  HAUTEUR  PU  CONDUIT 

La  mdthode,  la  plus  souvent  appliqude,  consiste  k  utiliser  les  grandeurs  mdtdorologiques  "classiques"  (vent, 
tempdrature,  humiditd)  pour  calculer  les  paramfetres  caractdristiques  de  la  couche  limite  de  surface.  On  en 
ddduit  une  expression  analytique  des  profits  de  tempdrature  et  humiditd  spdcifique,  et  done  du  profil  de 
cofodice  de  refraction  N,  qui  permet  de  determiner  la  hauteur  du  conduit  d’evaporation. 
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La  formulation  utilise  est  celle  de  Paulson  (1970),  ou  l'on  a  ajoutd  deux  relations  pour  I'humiditd  spdcifique. 

On  tient  compte  de  la  difference  de  hauteur  entre  le  niveau  de  calcul  du  vent  (lO  m)  et  celui  de  T  et  Td 
(2  m)  par  le  modfele  du  Centre  Europden.  La  connaissance  des  valeurs  de  T  k  O  et  2  m,  de  I’humiditd  spdcifi- 
que  k  0  et  2  m  (en  supposant  I'atmosphfere  saturde  au  niveau  O  m),  et  de  la  force  du  vent  k  lO  m,  est 
suffisante  pour  determiner  les  flux  turbulents  de  chaleur  sensible  et  latente  et  de  quantitd  de  mouvement, 
et  la  longueur  de  Monin-Obukhov.  La  methode  n'est  pas  applicable  dans  toutes  les  conditions.  Le  cas  le  plus 
genant  est  celui  ou  le  calcul  donne  des  dpaisseurs  de  conduit  de  plusieurs  dizaines  de  metres,  ce  qui  met  en 
contradiction  avec  une  hypothfese  de  depart  pour  I'dtablissement  des  formulas  de  Paulson,  qui  est  que  l'on  se 
trouve  dans  une  couche  limite  de  surface,  k  flux  constants  sur  la  verticale. 

Pour  cette  raison,  dans  la  suite  toutes  les  dpaisseurs  calculdes  supdrieures  k  40  metres  seront  reprdsentdes 
par  cette  valeur  de  40  m. 

IV  VALIDATION  DES  RESULTATS 

La  figure  1  donne  des  exemples  de  cartes  d’dpaisseur  de  conduit  prdvue.  On  a  sdlectionnd  deux  zones  trfes 
differentes,  afin  de  pouvoir  ddceler  d’dventuelles  variations  des  performances  en  fonction  de  la  localisation 
gdographique  (latitude  notamment). 

La  validation  (ou  1' invalidation)  des  resultats  est  difficile  du  fait  de  la  nature  des  donndes  utilisables 
(observations  mdtdorologiques  de  navires  select i onnds ,  auxquelles  on  applique  la  methode  ddcrite  en  III). 

En  effet  ces  navires  sont  en  petit  nombre,  comparativement  k  I'dtendue  du  domaine  de  travail,  et  circulent 
sur  des  routes  souvent  prfes  des  cotes.  A  titre  d'indication,  le  nombre  moyen  d'observations  utilisables  pour 
une  situation  donnde  est  d'environ  40  sur  le  domaine  atlantique  et  15  sur  le  domaine  indien  (voir  la  figure 
1  pour  la  definition  des  domaines). 

La  pdriode  utilisde  pour  la  validation  va  du  18/6/83  au  16/9/83,  dans  laquelle  on  dispose  de  74  situations 
diff6rentes. 

1°)  NAVIRES  STATlONNAIRES 

On  presente  d'abord  la  comparaison  avec  les  navires  m6teorologiques  stationnaires  (points  R,  L  et  C, 
cf  figure)  car  bien  qu'ils  soient  un  peu  trop  hauts  en  latitude  pour  bien  illustrer  le  phdnomfene  du  conduit 
d'evaporation,  ils  ont  1'avantage  d'etre  toujours  disponibles,  et  de  presenter  une  trfes  bonne  garantie  quant 
k  la  qualite  des  mesures. 

La  figure  2  montre  le  nuage  de  points  obtenu  en  portant  en  abscisses  l'fepaisseur  du  conduit  mesurde  par 
les  navires,  et  en  or  do  nodes  celle  calculde  par  le  modfele.  Les  valeurs  supdrieures  k  20  m  sont  portdes 
comme  dgales  k  20  m. 

En  omettant  les  points  de  valeur  40  m  ou  plus  (qui  reprdsentent  moins  de  3  %  des  cas,  et  pour  lesquels 
on  rappelle  que  la  mdthode  de  calcul  de  1’dpaisseur  est  sujette  k  caution),  on  obtient  une  correlation  de 

0.65.  On  observe  un  biais  important,  les  valeurs  calculdes  dtant  de  1'ordre  de  1.7  fois  plus  petites  que 

les  valeurs  mesurdes. 

L'origine  de  ce  biais  rdside  dans  la  nature  du  modfele  numdrique,  qui  du  fait  de  l'dchantillonnage.  en  15 
niveaux  sur  la  verticale,  filtre  les  variations  importantes  et  done  attdnue  les  gradients.  On  le  vdrifie  sur 
I'humiditd  spdcifique,  en  constatant  que  la  difference  (Tair-Td)  k  2  m  calculde  par  le  modfele  est  infdrieure 
k  celle  mesurde  (aprfes  correction  de  la  difference  de  hauteur)  : 

Valeur  moyenne  de  (T-Td)  mesurde  pour  une  valeur  calculde  de  : 

O0  1.3° 

1"  2. 5" 

2"  4.1° 

3°  6.7° 

L'assfechement  aufur  et  k  mesure  que  l'on  s'dlfeve  est  done  moins  rapide  pour  le  modfele  qu'en  rdalitd. 

On  peut  calculer  l'dpaisseur  du  conduit  en  remplaqant  Td  sortie  du  modfele  par  Tair  -A  ,  A  dtant  la 
valeur  de  (T-Td)  corrigde  en  fonction  du  tableau  ci-dessus.  On  obtient  alors  le  nuage  de  points  de  la 
figure  3,  pour  lequel  la  corrdlation  vaut  0.67,  et  le  biais  1.1. 

II  est  intdressant  de  remarquer  que  la  plupart  des  cas  de  sous-estimation  importante  par  le  modfele 

correspondent  k  des  observations  de  jour  (I2h  TU). 

On  peut  penser  que  cela  est  du  k  une  reprdsentation  trop  sommaire  du  cycle  diurne  par  le  modfele. 

La  cohdrence  des  estimations  par  rapport  aux  phdnomfenes  mdtdorologiques  est  illustrde  par  la  figure  4, 
qui  reprdsente  Involution  temporelle  calculde  et  mesurde  au  point  L  du  21/6  au  26/6  et  du  2/8  au  8/8/83. 
Les  valeurs  k  O  h  TU  sont  celles  prdvues  36  h  auparavant,  et  celles  k  12  h  TU  72  h  auparavant,  sauf 
dans  les  cas  ok  seule  1'dchdance  48  dtait  disponible. 

Des  passages  successifs  de  perturbations  sont  signalds  par  les  variations  d'dpaisseur  de  conduit,  avec  des 
ddphasages  entre  modfele  et  mesure  compatibles  avec  les  performances  attendues  pour  des  dchdances  allant 
jusqu'k  72  heures. 


On  a  reprdsentd  dgalement  des  exemples  de  pdriodes  perturbdes  et  non  perturbdes,  prises  au  point  R. 
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2°)  AUTRES  N  A  VIRES 


La  figure  5  indique  3  zones  pour  lesquelles  on  a  crois6  routes  les  observations  ship  disponibles  dans  la 
pdriode  avec  la  valeur  au  point  de  grille  correspondent  multiple  pat  le  biais  de  1,7  trouvd  pour 
I'Atlantique  Nord-Est.  Les  nuages  de  points  obtenus  sont  ponds  figure  6,  avec  71,  142  et  91  cas  selon 
la  zone.  On  a  indique  les  limites  de  la  plage  dans  laquelle  la  precision  est  meilleure  que  30  %. 

Dans  les  3  zones,  presque  tous  les  cas  de  sous -estimation  importante  par  le  modkle  ont  lieu  k  12  h  TU 
(soit  environ  16  h  locales  en  Oc6an  tndien,  done  en  pdriode  de  convection  ddvelopp6e),  ce  qui  soulkve 
le  meme  problkme  que  pour  les  navires  stationnaites,  et  degrade  sensiblement  les  performances  dans 
la  zone  \tlantique  Equatoriale. 

On  constate  d'autre  part,  que  le  biais  de  1.7,  determine  pour  45°  de  latitude  Nord  et  plus,  s'applique 
bien  dans  les  trois  nouvelles  zones. 

Sur  le  plan  climatologique,  la  representative  des  champs  calculus  semble  etre  la  meme  partout  ;  par 
contre  l'absence  de  navire  stationnaire  dans  les  zones  tropicales  empeche  d'examiner  la  representative 
de  Involution  temporelle  vue  par  le  modfele. 

V  -  DESCRIPTION  CLIMATOLOGIQUE 

La  figure  7  montre  les  champs  obtenus  en  moyennant  tous  les  champs  calculds  sur  la  p6riode  oil  le  modfele 
a  tournd. 

Sur  I'Atlantique,  l'information  essentielle  est  la  position  de  la  limite  entre  faibles  et  fortes  valeurs  de 
l'dpaisseur  du  conduit,  aux  alentours  du  45°  parallfele  Nord  (limite  dont  on  suivait  bien  involution  au  jour 
le  jour,  cf  figure  3). 

Sur  1 'Ocean  tndien,  le  trait  dominant  est  1 'organisation  zonale. 

On  constate  une  quasi -similitude  entre  les  champs  obtenus  par  les  dchdances  36  h  (soit  O  h  TU)  et  48 
heures  (soit  12  h  TU),  quelque  soit  la  latitude,  ce  qui  tend  k  confirmer  que  le  cycle  diurne  est  mal  pris 
en  compte  par  le  module.  Malgrd  cela,  des  estimations  statistiques  sont  dte  maintenant  envisageables, 
temporelles  (probability  de  ddpassement  de  seuils,...)  et  spatiales  (extensions  gdographiques,  impossibles 
k  determiner  k  partir  des  ships). 


VI  -  CONCLUSION 

La  representation  des  estimations  dnpaisseur  de  conduit  d'evaporation  k  partir  des  sorties  du  module 
meteorologique  opdrationnel  au  CEPMMT  a  6t6  illustree  par  divers  aspects.  Le  niveau  des  performances 
eest  indique  par  la  correlation,  de  0.67,  trouv6e  avec  les  observations  des  navires  meteorologiques  station- 
naires.  Les  limitations  ont  6t6  expos6es  :  invalidity  prks  des  cotes,  cycle  diurne  mal  represente,  faiblesse 
relative  de  la  resolution  spatiale  principalement. 

Les  limitations  rappeiees  ci-dessus  s'attenueront  au  fur  et  k  mesure  que  les  developpements  actuellement 
engages  sur  les  modules  meteorologiques  produiront  des  resultats  Notamment,  la  mise  en  service  de  modules 
k  maille  trks  fine,  de  1'ordre  de  30  km,  permettra  d'obtenir  des  estimations  valables  prks  des  cotes,  et 
d'6tendre  le  calcul  k  des  mers  comme  la  Meditertanee.  A  terme,  un  suivi  assez  fin  devrait  etre  possible 
dans  toutes  les  zones  oil  cela  sera  utile. 
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rcaURE  is  examples  de  sorties:  previsions  a  echeance  }6h,  isolignes  d'epaisseur  de  duct,  en  metres 


t</.  2  2  21,1  I/i  3  7/t 


FIGURE  4:  suivi  temporel  aux  points  L  ( en  haut)  et  R  (en  bas). 
Trait  plein:  meaures 
Trait  pointille:  previsions. 
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Atlantique  Tndien  Nord  Indien  Sud 


FIGURE  6:  corame  la  figure  2,  apres  correction  du  biais,  pour  lea 
trois  zones  test  de  la  fig.  5. 
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DISCUSSION 

S.  Rotheram  (U.K.):  We  have  investigated  the  possibility  of  using  the  United  Kingdom  Meteorological 
Office's  15  level  model.  With  some  minor  software  development,  three-dimensional  refractive  index 
distributions  would  be  the  output.  As  the  author  points  out,  these  could  have  some  resolution  for  surface 
based  ducts,  but  little  resolution  for  elevated  ducts.  The  model  referred  to  by  the  author  is  the  coarse 
mesh  model  on  a  150  km  (approx.)  grid.  The  Meteorological  Office  recently  introduced  a  fine  mesh  model  on 
a  75  km  grid  covering  most  of  the  Northern  hemisphere.  In  a  few  years  time,  a  mesoscale  model  on  a  10  km 
grid  is  to  be  introduced  in  the  United  Kingdom  area . 

B,  Strauss  (France):  la  roEtEorolog ie  Frangaise  dEveloppe  Egalement  un  module  m£so-Echelle  (30  km  de 
maille),  sur  un  domaine  couvrant  largement  la  France,  ce  qui  devrait,  en  effet,  permettre  d'aborder  les 
probifemes  de  conduits  autres  que  les  conduits  d 'Evaporation. 


Ap-P003  899 
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rield  strength  distributions  for  106  land,  sea  and  mixed  paths  of  three  terrain  types  are  analysed  for  their 
Jependence  on  scattering  angle,  probability,  terrain  type,  frequency  and  terminal  height.  Good  models  are 
derived  for  the  sea  and  low  terrain  land  paths.  The  medium  and  high  terrain  land  paths  show  greater 
variability.  The  frequency  dependence  is  shown  to  be  weak.  The  dependence  on  terminal  heights  is  shown 
to  be  non-existent  except  for  the  effect  on  the  scattering  angle.  Mixed  paths  are  shown  to  be  like  land 
paths  and  are  quite  unlike  sea  paths. 


INTRODUCTION 


The  planning  of  broadcasting  and  other  services  requires  the  ability  to  predict  levels  of  interference 
between  different  services.  The  essence  of  such  predictions  is  a  knowledge  of  field  strength  variations 
with  distance  for  small  percentages  of  the  time. 

Within  the  radio  horizon  the  dominant  propagation  mechanism  is  interference  between  direct  and  reflected 
waves.  This  gives  signal  levels  close  to  free  space  in  the  vicinity  of  the  horizon.  Just  beyond  the 
radio  horizon  the  dominant  propagation  mechanism  is  diffraction.  At  UHF  and  above  this  falls  off  very 
rapidly  with  distance  and  30on  becomes  negligible.  Another  transhorizon  propagation  mechanism  is  tropo¬ 
spheric  scatter.  It  decays  less  rapidly  than  the  diffracted  field  but  from  a  lower  base.  It  dominates 
the  diffracted  signal  when  this  is  more  than  about  50  dB  below  free  space  and  is  thus  the  dominant  propa¬ 
gation  mechanism  well  beyond  the  radio  horizon. 


For  small  time  percentages  other  propagation  mechanisms  dominate  the  diffracted-scattered  fields.  These 
mechanisms  have  been  reviewed  recently  by  Crane  [1].  The  most  important  such  mechanism  is  ducting  by 
atmospheric  layers.  This  dominates  scatter  for  typically  1  to  10%  of  the  time.  Over  the  land  ducting 
by  elevated  layers  is  the  more  important.  These  often  occur  at  the  boundaries  of  subsiding  air  masses  in 
high  pressure  systems.  These  also  occur  over  the  sea  but  the  statistics  may  be  dominated,  particularly 
in  coastal  waters,  by  surface  ducts  caused  by  advection  and  evaporation. 

The  object  of  this  work  is  to  describe  a  statistical  model  of  the  field  strength  variations  with  distance 
for  a  small  percentage  of  the  time  when  ducting  is  the  dominant  mechanism.  The  model  applies  to  Western 
Europe.  It  includes  sea  land  and  mixed  cases  and  the  effects  of  terrain,  frequency  and  terminal  heights. 
Particular  emphasis  is  given  to  mixed  paths  which  are  shown  to  be  like  land  paths. 

The  data  is  for  106  paths  given  in  references  2  and  3.  This  consists  of  field  strength  distributions. 

The  degree  of  irregularity  of  terrain  over  a  land  path  can  be  given  by  Ah  which  is  the  difference  in  height 
exceeded  by  10%  and  90%  of  the  terrain.  Land  paths  are  designated  L,  M  or  H  depending  upon  whether  Ah  is 
less  than  50  m,  is  between  50  m  and  100  m,  or  is  greater  than  100  m  respectively.  Sea  paths  are  designated 
S.  Mixed  sea  and  land  paths  are  designated  either  S+L,  S+M  or  S+H  depending  upon  the  degree  of  irregular¬ 
ity  of  terrain  over  the  land  portion  of  the  path. 


2.  SEA  PATHS  (S) 


Data  for  23  sea  paths  are  shown  in  figures  1,  2,  3  and  9  for  probabilities  p  =  .01,  .1,  1  and  10%  of  the 
time  with  data  points  indicated  by  crosses.  The  figures  show  L(p)  -  10  log  f  plotted  against  0.  Here 
L(p)  is  the  path  loss  in  dB  above  free  space,  f  is  the  frequency  in  GHz  and  0  is  the  scattering  angle  in 
milliradians.  Over  a  smooth  earth  the  scattering  angle  0  is 


=  (2ka)*  <hT*  +  hR*) 


where  a  is  the  earth's  radius,  k  is  the  effective  earth's  radius  factor  taken  to  be  4/3,  D  is  range,  Dh  is 
the  horizon  distance,  and  h_  and  hR  are  the  transmitter  and  receiver  heights.  Over  a  rough  earth,  rays 
are  drawn  from  the  transmitter  and  receiver  to  just  clear  the  highest  obstruction  on  the  path  using  4/3 
earth  geometry.  The  angle  at  which  the  two  rays  intersect  is  the  scattering  angle  0. 


The  form  of  presentation  in  figures  1  to  4  is  used  in  troposcatter  prediction  methods  [4]  though  a 
different  form  is  used  in  CCIR  Report  569  [5]  which  is  concerned  with  interference.  Linear  least  mean 
square  estimates  of  the  data  in  figures  1  to  4  fit  the  general  form 


L(p)  =  10  log  f  ♦  a(p)  +  B(p)  0  +  o(p)  dB 


(2) 


The  values  of  a(p),  8(p)  and  o(p)  found  are  shown  in  table  1.  The  regression  lines  (solid)  +  one  standard 
deviation  (dashed)  are  plotted  in  figures  1  to  4. 


The  regression  lines  for  p  =  .01,  .1,  1  and  10%  are  shown  together  as  the  solid  lines  in  figure  5.  The 
dotted  curves  are  taken  from  CCIR  Report  569  [5]  for  p  =  .01,  .1  and  1%  with  f  =  1  GHz.  and  the  term  denoted 
A  (additional  diffraction  loss)  set  to  zero.  These  curves  are  for  terminals  on  the  ground  so  D^  =  0  and 
wS  have  made  the  correspondence  D  =  ka  0  from  eqn.  (1).  Although  the  functional  forms  are  different,  the 
two  sets  of  curves  are  reasonably  consistent. 
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Using  the  values  in  table  1,  a  plot  of  log  8  against  log  p  lies  close  to  a  straight  line  showing  that  8 
depends  upon  p"‘  .  Figures  6  and  7  show  8  and  a  plotted  against  p‘* .  Evidently  these  are  nearly  straight 

lines  with  the  least  squares  fit 


8  =  .4  p‘‘ 


a  =  -  10.8  ♦  10.1  p‘* 


Taking  the  average  value  a  -  7  dB  one  has  the  complete  model 

Up)  =  10  log  f  -  10.8  +  p‘‘  (10.1  ♦49)+  7  dB  (4) 

valid  over  the  sea  for  p  <  10%.  Eqn.  (4)  is  plotted  for  p  =  .01.  .1,  1  and  10%  as  the  dashed  lines  in 
figure  5.  They  differ  from  the  solid  lines  based  on  eqn.  (2)  and  table  1  by  a  negligible  amount.  This 
indicates  that  eqn.  (4)  may  be  quite  a  good  formula.  Note  that  eqn.  (4)  may  be  inverted  to  give  p(L) 
explicitly  as 


...  L  -  10  log  f  ♦  10.8  *  7  *  “ 

P  =  10.1  +  .1*  S 


For  a  given  frequency  and  scattering  angle  this  gives  the  probability  (percent)  that  the  path  loss  relative 
to  free  space  will  be  le3s  than  L.  Eqns.  (4)  and  (5)  also  allow  extrapolation  to  smaller  values  of  p. 

3.  LAND  PATHS  -  LOU  TERRAIN  (L) 

Data  from  10  land  paths  with  low  terrain  irregularity  (L)  are  shown  in  figures  8,  9,  10  and  11  for 
p  =  .01,  .1,  1  and  10%.  Linear  least  mean  square  estimates  fit  eqn.  (2)  with  the  values  shown  in  table  2. 
The  regression  lines  (solid)  +  one  standard  deviation  (dashed)  are  also  plotted  in  figures  8  to  11.  The 
regression  lines  for  p  =  .01,  .1  and  1  and  10%  are  shown  together  in  figure  12  as  the  solid  lines.  The 
dotted  curves  are  from  CCIR  Report  569  [5]  as  in  section  2.  There  are  significant  differences  with  the 
CCIR  method  giving  less  loss  at  short  distances  and  more  loss  at  greater  distances. 

It  is  evident  from  figure  12  that  the  line  for  p  =  10%  has  a  different  character  from  the  other  lines  in 
that  its  slope  is  less  than  one  might  expect  from  the  other  lines.  It  may  be  inferred  from  the  few  points 
in  figure  11  that  a  steep  line  can  be  fitted  to  the  points  for  small  9  and  a  shallow  line  can  be  fitted  to 
the  points  for  large  9.  This  is  because  the  points  for  small  9  are  attributable  to  diffraction-ducting 
and  those  for  large  9  to  scatter.  The  two  dotted  lines  in  figure  11  are  a  guess  at  the  variation  of 
these  two  components.  As  this  paper  is  trying  to  model  the  high  signals  due  to  ducting,  one  is  justified 
in  excluding  the  10%  data.  This  mean3  that  the  models  being  given  are  valid  for  path  losses  up  to  about 
60  dB  above  the  free  space  loss. 

Using  the  values  in  table  2,  figure  13  shows  a  plot  of  log  B  against  log  p.  The  three  points  for  p  =  .01, 
.1  and  1%  lie  close  to  a  straight  line  but  the  point  for  p  =  10%  is  quite  distinct.  This  is  further 
justification  for  neglecting  this  point  in  determining  the  ducting  distribution.  The  other  points  fit  the 
formula 
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log  8  =  -.096  +  .294  log  p  or  8  =  .8  p'  (6) 


Figure  14  shows  “  plotted  against  ?' 
o  =  -  4  +  17  p-29>* 


The  points  lie  close  to  the  straight  line 


Taking  the  average  value  «  =  7  one  has  the  complete  model 
L(p)  =  10  log  f  -  4  ♦  p‘2i>i  (17  +  .8  9)  +  7  dB 
This  can  be  inverted  to  give  the  probability  distribution  p(L). 


n,M  f  L  -  10  log  f  ♦  4  *  7~|»-» 

P(L)  =  l  WT  89  J 


Because  of  their  simplicity  eqns.  (4)  and  (8)for  L(p>,  or  eqns.  (5)  and  (9)  for  p(L),  are  extremely  useful 
formula  for  Interference  calculations. 

4.  LAND  PATHS  -  hF.ntUM  TERRAIN  (M) 

Data  from  18  paths  with  medium  terrain  irregularity  (50m  <  Ah  <  100m)  and  designated  M  are  shown  in  figures 
15,  16  and  17  for  p  =  .01,  .1  and  1%.  Linear  least  mean  square  estimates  fit  eqn.  (2)  with  the  values 
shown  in  table  3.  The  regression  lines  (solid)  +  one  standard  deviation  (dashed)  are  also  plotted  in 
figures  15,  16  and  17.  The  regression  lines  for"p  =  .01,  .1  and  1%  are  shown  together  in  figure  18. 

The  data  points  for  this  case  are  much  more  scattered  and  a  general  formula  such  as  eqns.  (4)  and  (8) 
cannot  be  found. 

5.  LAND  PATHS  -  HIGH  TERRAIN  (H) 


Data  from  26  paths  with  high  terrain  irregularity  (Ah  >  100m)  and  designated  H  are  shown  in  figures  19,  20 
and  21  for  p  =  .01,  .1  and  1%.  Linear  least  mean  square  estimates  fit  eqn.  (2)  with  the  values  shown  in 
table  4.  The  regression  lines  (solid)  +  one  standard  deviation  (dashed)  are  also  plotted  in  figures  19, 
20  and  21.  The  regression  lines  for  p  Z  .01,  .1  and  1%  are  shown  together  in  figure  22.  No  general 
formula  has  been  found. 
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MIXED  SEA-LAND  PATHS  WITH  LOW  TERRAIN  (S+L) 


Data  from  17  mixed  sea-1:,  id  paths  with  low  terrain  irregularity  in  the  land  segment  (Ah  <  50m)  and  designated 
S+L  are  shown  in  figures  23,  24  and  25  for  p  =  .01,  .1  and  1%.  The  data  points  are  indicated  by  a  number 
which  is  the  percent  of  the  path  that  is  sea.  Also  shown  are  the  regression  lines  for  sea  (S)  and  low 

terrain  land  (L).  The  object  of  this  exercise  is  to  determine  whether  S+L  is  like  S  or  L,  or  is  intermediate 
bet  ween  S  and  L.  Because  of  the  wide  differences  in  the  amount  of  sea  in  the  paths,  no  attempt  has  been 
made  to  fit  curves  to  this  data.  What  is  obvious  from  the  data  is  that  S+L  is  very  similar  to  L  but  is 

quite  unlike  S,  irrespective  of  the  amount  of  sea  in  the  path.  The  physical  reason  for  this  is  that  high 
signal  strengths  on  sea  paths  in  coastal  areas  are  largely  caused  by  advection  ducts.  These  end  at  the 
coast.  High  signals  on  land  paths  are  largely  caused  by  elevated  subsidence  inversions.  Mixed  paths  do 
not  benefit  from  the  advection  ducts  as  these  only  extend  along  part  of  the  path  and  are  not  excited. 

However  elevated  subsidence  inversions  extend  over  large  areas  being  relatively  unaffected  by  coasts.  The 
strong  conclusion  from  this  data  is  that  for  S+L  paths  one  should  use  the  L  results.  This  is  at  variance 
with  CCIR  Report  569  which  recommends  using  S  and  L  in  the  proportion  of  the  path  that  is  sea  and  land. 

7.  MIXED  SEA-LAND  PATHS  WITH  MEDIUM  (S+M)  AND  HIGH  (S+H)  TERRAIN 

Data  from  8  mixed  sea-land  paths  with  medium  terrain  (S+M)  and  6  with  high  terrain  (S+H)  are  shown  in 
figures  26,  27  and  28  for  p  =  .01,  .1  and  1%.  The  data  points  are  indicated  by  a  number  which  is  the 
percentage  of  the  path  that  is  sea  enclosed  in  a  square  for  S+M  paths  and  a  circle  for  S+H  paths.  Also 

shown  are  the  regression  lines  for  sea  (S),  medium  terrain  land  (M)  and  high  terrain  land  (H).  It  is 
obvious  that  the  mixed  paths  are  like  the  land  paths  and  are  quite  unlike  the  sea  paths.  The  conclusion 
is  that  for  S+M  paths  one  should  use  the  M  results  whilst  for  S+H  paths  one  should  use  the  H  results. 

8.  FREQUENCY  DEPENDENCE 

Thus  far  it  has  been  assumed  that  the  frequency  dependence  of  the  data  is  contained  in  the  term  10  log  f. 

This  assumption  is  tested  here  for  p  =  1%.  The  path  loss  above  free  space  is  L(1).  The  value  predicted 
by  the  regression  line  in  eqn.  (2)  with  the  values  in  tables  1  to  A  for  p  =  1%  will  be  denoted  Lp(1). 

The  prediction  error  is  then  L(1)  -  L  (1).  This  is  plotted  in  figure  29  against  log  f  to  see  if  there  is 
any  systematic  variation.  The  regreision  line  is 

L( 1 )  -  Lp(1)  =  .2  +  6  log  f  +  9  dB  (10) 

indicating  an  overall  frequency  dependence  of  16  log  f.  However  the  variation  is  relatively  small  compared 
with  the  spread  of  values  and  so  the  results  are  inconclusive.  More  data  is  required  to  resolve  this 
question,  particularly  at  the  higher  frequencies.  The  frequency  dependence  will  also  depend  upon  p. 

9.  HEIGHT  DEPENDENCE 

It  is  often  assumed  that  the  excitation  of  ducted  modes  of  propagation  depends  upon  the  heights  of  the 
terminals.  The  heights  of  the  terminals  enters  into  the  calculation  of  the  scattering  angle  ,  but  this 
is  an  additional  effect.  For  a  surface  duct  it  is  commonly  assumed  that  terminals  in  the  duct  yield  higher 
signal  strengths  than  terminals  above  the  duct.  This  proposition  is  tested  here  using  the  p  =  1%  data 
from  the  sea  paths  (S).  The  terminal  heights  h  and  h  above  sea  level  are  added  to  give  H  =  hT  +  hR. 

Figure  30  shows  the  prediction  error  L(1)  -  L  (1)  plotted  against  H.  If  there  was  a  significant  excitation 
effect,  the  prediction  error  would  be  positivi  for  small  H  and  negative  for  large  H.  Evidently  there  is 
a  large  spread  of  values  for  small  H  whilst  for  large  H  the  values  are  small  and  negative.  It  is  clear 
that  no  systematic  excitation  effect  can  be  discerned.  Thus  the  conclusion  is  that  the  only  effect  of  the 
height  of  the  terminals  is  on  the  scattering  angle.  The  reason  for  this  can  only  be  guessed.  The  exci¬ 
tation  effect  is  often  greatly  exaggerated.  Even  for  a  deterministic  surface  duct,  the  effect  is  only  of 
order  10  to  20  dB  at  the  most  due  to  leakage  of  energy  through  the  duct.  Real  ducts  have  many  other  path¬ 
ways  whereby  modes  can  be  excited  even  for  elevated  ducts.  These  include  rough  surface  scatter  and  irre¬ 
gularities  in  the  duct  structure  such  as  turbulence  and  gravity  waves. 

10.  CONCLUSIONS 

The  main  results  of  this  paper  may  be  summarised  as  follows  :- 

a)  The  regression  formula  in  eqn.  (2)  with  the  values  in  tables  1  to  4  may  be  used  for  S,  L,  M  and  H  paths. 

b)  For  S  and  L  paths  general  formulae  for  L(p)  are  given  by  eqns.  (4)  and  (8)  and  for  p(L)  by  eqns.  (5) 
and  ( 9 ) . 

c)  For  mixed  paths  one  should  use  the  land  distributions. 

d)  The  frequency  dependence  is  relatively  weak  compared  to  the  spread  in  the  data. 

e)  No  terminal  height  dependence  is  discerned  other  than  the  effect  on  the  scattering  angle. 
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Table  9.  Regression  coefficients  for  land  paths  with  high  terrain  (H) 
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Figure  25.  Path  lose  above  free  apace  h(l)  for  over  mixed  Bea- 
land  vith  low  terrain  (S+L). 
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DISCUSSION 


l0  Boithias  (France):  1)  Dans  les  rapports  du  CCIR,  pour  £tablir  des  m£thodes  de  provision,  on  utilise 
des  donn£es  venant  de  diverses  admi ni strat i ons  et  pas  toujours  compatibles  entre  el les.  II  est  done 
difficile  d'estimer  5  priori  la  provision  de  la  m^thode  de  provisions.  Pour  cette  raison  le  CCIR  demande 
en  gOnOral  aux  administrations  de  tester  S  posteriori  les  mOthodes  proposes  afin  de  les  amOliorer. 

2)  Au  dessus  de  la  terre,  on  a  parfois  des  conditions  de  forte  superrOf ract i on ,  ma i s  on  a  beaucoup 
plus  rarement  des  conditions  de  conduit  avec  reflexions  successives  sur  le  sol  (con tra i rement  aux  trajets 
maritimes).  Pour  cette  raison  il  est  normal  que  1 1  at tOnuat i on  sur  un  trajet  mixte  terre-mer,  pour  les 
niveaux  de  champ  Aleves,  soit  pratiquement  determinOe  par  la  partie  du  trajet  situOe  au  dessus  de  la  terre. 

K.D.  Anderson  (U.S.):  What  are  the  typical  path  lengths? 

S.  Rotheram  (U.K.):  They  are  between  100  and  1000  km. 

R. G.  Blake  (U.K.):  It  is  difficult  to  conceive  of  a  mixed  path,  which  is  1000  km  over  sea  and  50  km  over 
land,  being  treated  as  1050  km  over  land  alone. 

Our  mixed  path  measurements  over  East  Anglia  clearly  show  signal  strengths  near  to  total  sea  path 
levels  than  to  all  land  path  levels,  with  a  diurnal  variation  characteristic  of  advection  ducts.  Have 
you  any  comments? 

S.  Rotheram  (U.K.):  I  accept  the  point  being  made.  My  study  was  a  broad  brush  approach,  lumping  all  of 
the  mixed  paths  together.  Particularly  in  flat  areas  such  as  East  Anglia,  the  marine  environment  may 
extend  some  distance  inland  when  the  wind  blows  from  sea  to  land.  This  may  lead  to  Msea-lrke"  ducting 
events  over  such  mixed  paths.  CCIR  Report  5&9  does  include  a  50  km  transitional  zone  at  the  coast. 

Paper  Mo.  25,  at  this  Symposium,  gives  the  physical  mechanisms  whereby  ducts  extend  inland  for 
sea-breeze  conditions. 
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SUMMARY 

^Experimental  results  of  three  months  of  continuous  measurements  at  3cm.  wavelengths  are  given  for  the 
following  aligned  paths;  the  first,  100  Km,  long,  over  flat  land  (Po  Valley);  the  second,  140  Km.  long, 
across  the  Adriatic  sea;  the  third  consisting  of  the  sum  of  the  previous  ones.  The  stations  are  linked  by 
radiowaves  only  during  super  standard  atmospheric  conditions.  The  period  considered  was  in  the  autumn-winter 
season,  from  October  to  December,  for  92  days  of  observations.  Hourly  efficiency  istograr  are  drawn. 

They  present  a  peculiar  trend  for  the  different  paths:  variable  over  land,  with  a  strong  maximum  in  the  noc¬ 
turnal  hours;  almost  constant  over  sea,  with  a  character ist ic  peak  around  noon  for  the  combined  path.  I.ffic- 
iences  up  to  43*’  have  be€>n  measured  on  flat  land  during  the  night,  while  lower  values  were  found  on  the  sea. 

An  attempt  to  find  a  direct  connection  between  radio  signal  reception  in  super  standard  conditions  and  sur¬ 
face  meteorological  parameters,  has  shown  a  strong  correlation  with  water  vapour  pressure  for  the  sea  path: 
radio  ducting  sets  up  for  a  monotonic  decoying  of  the  water  content  of  the  air.  Measurements  over  flat  land 
show  radio  ducting  to  be  almost  nocturnal  phenomenon.  Radio  propagation  beyond  the  horizon  detects  tempi*ratun 
inversions  caused  by  nocturnal  cooling  and  therefore,  there  is  not  very  clear  evidence  of  correlation  with 
ground  meteorological  data. 


INTRODUCTION 

The  connection  between  transhorizon  microwave  radio  propagation  at  X  band  and  some  peculiar  meteorological 
situations,  suggested  to  the  authors  to  attempt  experimental  observations  in  different  conditions  to  under¬ 
stand  their  mutual  relationship  and  in  order  to  separate  the  meteorological  responsible  mechanisms.  Microwave 
propagation  measurements  may  be  an  inexpensive  method  to  monitor  the  integrated  values  of  meteorological  quan¬ 
tities  across  areas  extending  several  decades  of  kilometers  of  the  low  troposphere.  This  atmospheric  region 
is  also  of  principal  importance  in  other  applications  like  the  transfer  of  pollutants  and  their  ground  de¬ 
position.  The  study  of  transhorizon  propagation  by  itself  is  of  great  importance  in  forecasting  radar  cover¬ 
ages  and  possible  interference  levels  between  different  terrestrial  services  for  correct  planning  of  the  spatial 
re-use  of  the  frequencies  assigned  to  radio  links. 

According  to  well  known  theories  (1)  the  path  followed  by  a  radio  wave  in  the  atmosphere  depends  on  the 
gradient  of  the  refractive  index  along  the  path  (Snell's  law).  The  horizontal  component  of  the  atmospheric 
refractive  index  is  normally  negligibv  small;  therefore  only  its  vertical  component  must  be  considered.  At 
radar  frequencies  the  refractive  index  n,  in  the  atmosphere,  can  be  expressed: 

(  n  —  1  )  10®  =  77.6  —2-  +4810  -yj  (1) 

where  p  is  air  pressure,  e  is  vapour  pressure,  both  expressed  in  millibars:  T  is  the  absolute  temperature 
in  degrees  Kelvin.  The  left  hand  term  in  (1)  is  called  "ref racf i vi ty"  and  placed  equal  to  N.  The  first  term 
on  the  right  side  represents  the  "dry  term"  and  the  second  the  "wet  term".  In  a  standard  atmosphere  p  and  e 
fall  quickly  in  relation  to  the  increase  in  height,  while  "  "  generally  decreases  slowly.  Consequently  N 
diminishes  with  height.  Due  to  this,  radio  waves  are  bent  downwards  and  the  radio  horizon  becomes  greater 
than  the  geometrical  one.  If  the  temperature,  instead  of  decreasing,  increases  with  height  (thermal  inversion) 
and/or  vapour  pressure  diminishes  more  quickly  than  usual,  the  refractivity  gradient  increases  in  absolute 
value  and  a  duct  is  formed  in  which  the  microwave  energy  can  be  trapped.  During  these  conditions  radiowave 
bending  is  incremented  so  that  radiowaves  follow  the  curvature  of  the  earth  thus  overcoming  any  defined  hor¬ 
izon. 

Nocturnal  radiation  and  adveetion  are  the  main  processes  responsible  for  the  build  up  of  thermal  inversions 
and  humidity  lapses.  In  the  first  case  the  ground,  which  has  been  heated  by  the  sun  during  the  day,  at  night 
radiates  heat  back  to  the  sky,  thus  getting  cooler.  In  the  second  case  a  horizontal  flow  of  warm  and  dry  air 
flows  over  a  cool  surface  (generally  the  sea).  Local  turbulent  motion,  caused  by  obstacles  or  by  surface  irr¬ 
egularities,  tend  to  destroy  the  fairly  calm  atmospheric  situation  existing  when  radio  ducts  are  present. 

So  over  seas  and  flat  land  areas  are  the  most  suitable  sites  for  these  phenomena  to  take  place. 

EXPERIMENTAL  OBSERVATIONS 

A  first  set  of  measurements  (8)  have  been  done  across  different  orographic  paths  to  point  out  the  main 
features  of  transhorizon  propagation  in  the  northern  part  of  Italy  (see  Fig.  1).  Two  beacon  stations  have 
been  installed,  one  in  the  town  of  Trieste  and  one  in  Milano;  three  receiving  stations  were  installed  at  three 
different  altitude  and/or  locations.  The  first  in  the  town  of  Bologna  (60  m.s.l,),  the  second  at  Monte  Calvo 
(400  m.s.l.)  and  the  third  at  P.  Mocoguo  (1300  m.s.l.) 

The  first  result  of  Qur  tests  verified  the  feasibility  of  these  microwave  links  with  some  efficiency,  in 
spite  of  the  small  transmitted  power  (10  mW) ,  the  antenna  diameter  (lm.)  and  the  moderate  sensitivity  of  the 
receivers,  both  over  sea  and  over  flat  land  (Po  Valley)  across  distances  up  to  286  Km.  In  particular  the  link 
between  Trieste  and  P.  Mocoguo  shows  that  anontical  path  from  a  high  mountain  can  enter  into  a  sea  duct  when 
it  is  seen  under  a  low  angle  of  incidence  (the  Adriatic  coast  is  near  the  optical  horizon  of  P.  Mocoguo). 

This  conclusion  seemed  to  be  confirmed  also  from  the  observation  that  the  strength  and  fading  of  the  signals 
received  at  the  three  altitudes  had  different  behaviours.  When  the  stronger  signal  was  received  at  the  lower 
altitude  station  (town  of  Bologna)  and  eventually  at  the  highest  one  (P.  Pocoguo),  the  intermediate  station 
was  found  to  be  less  likely  to  receive  signal  coming  from  sites  far  beyond  the  horizon. 


These  first  results  suggested  to  the  authors  to  implement  a  fixed  measurement  set-up  to  perform  contin¬ 
uous  observations  to  characterize  the  physics  and  climatology  of  radio  ducts  over  land  and  over  sea.  For 
this  purpose  the  previous  mixed  path  between  Bologna  and  Trieste  was  divided  in  two  parts,  one  across  the 
sea  only  and  one  across  the  land  only.  A  microwave  beacon  generator  was  installed  at  Porto  Tol le  (see  Fig. 

1),  in  such  a  way  Chat  it  radiates  toward  the  two  opposite  receiving  stations,  one  in  Bologna  and  the  second 
in  Trieste,  with  two  equal  horn  antennas.  A  tranceiver  station  in  Trieste  records  the  data  of  the  sea  path 
while  two  receivers  in  Bologna  record  the  total  mixed  path  and  the  one  over  land  only  (3).  The  character¬ 
istics  of  the  stations  are  reported  in  Tab.  1.  To  overcome  the  frequency  drift,  due  to  temperature  variat¬ 
ions,  of  all  the  free  running  Gunn  Oscillators,  one  receiver  in  Bologna  and  the  tranceiver  ir  Trieste,  were 
continuously  frequency  swept  across  i  10  MHz  of  bandwith  within  a  period  of  almost  one  minut'-. 

The  sea  path  Porto-Tr ieste ,  across  the  Northern  Adriatic  sea,  is  140  Km,  long;  the  flat  land  path  Porto 
Tolle  -  Bologna,  in  the  Po  Valley,  is  100  Km.  long;  the  continued  path  Tr iestc-Bo logna  is  the  sum  of  the 
previous  ones.  The  path  geometry  and  the  low  radiated  power  allow  signal  reception  only  in  the  presence-  of 
radio  ducts.  Three  months  of  continuous  measurements  in  autumn-winter  time  from  October  to  December  have 
been  analyzed. 

RADIO  PROPAGATION  EXPERIMENTAL  RESULTS 

To  overcome  statistical  uncertainty  on  the  daytime  evolution  of  the  phenomenon,  hourly  efficiency  isto- 
gratr.s  have  been  drawn  for  the  three  paths  and  are  reported  in  Fig.  2.  The  hourly  efficiency  represents  the 
total  time  N  (in  hours)  over  the  92  days  of  signal  reception  in  the  one  hour  intervals  reported  in  the  abscissa. 
These  profiles  present  a  peculiar  trend  in  the  different  paths:  strongly  variable  over  land,  almost  constant 
over  sea,  with  a  characteristic  peak  around  noon  over  the  mixed  path.  Over  land  the  curve  slope  is  smoother 
in  the  phase  of  duct  destruction  (a.m.)  and  steeper  in  the  phase  of  its  building  up  (n.m.).  The  efficiency 
is  28%  but  increases  up  to  40%  if  one  considers  the  nocturnal  hours,  the  only  ones  character i st  ic  of  the  phe¬ 
nomenon.  The  profile  of  the  sea  path  has  a  maximum  at  almost  6  p.m,  and  two  minima  around  h  and  12  a.m., 
while  efficiency  is  15%,  But  other  previous  measurements  bv  the  authors  in  sunnier  months  had  shown  much  hi¬ 
gher  efficiencies,  suggesting  a  seasonal  dependence  for  the  sea  path. 

At  last  the  istogram  for  the  mixed  path  Tr ieste-Bologna  shows  a  lower  efficiency,  lO"7,  and  a  character¬ 
istic  peak  around  noon.  To  analyze  this  phenomenon  the  periods  of  reception  have  been  divided  in  periods 
of  coincidence  and  periods  of  anti-coincidence  with  the  signal  reception  on  the  signal  paths.  When  the  c 

microwave  signal  is  received  across  the  path  Tr ieste-Bologna  contemporar lv  'to  that  across  Porto  Tol le-Tr ieste 
and/or  Porto  Tolle  -  Bologna,  the  hourly  efficiency  istogram  (Fig,  3a)  shows  the  same  profile  of  the  isto- 
grams  reported  in  Fig.  2a  and  2b.  But  when  the  signal  from  Trieste  is  received  in  Bologna  and  there  is  no 
link  across  the  two  single  paths,  the  peak  around  noon-time  is  again  evident;  so  it  seems  to  be  character¬ 
istic  of  a  mixed  path  as  a  duct  not  referenced  to  ground  but  to  some  higher  level  (see  Fig.  3b). 

The  difference  between  the  total  efficiencies  of  the  three  paths  may  be  explained  in  terms  of  the  differ¬ 
ent  path  lengths.  From  a  statistical  point  of  view,  the  probability  that  a  favourable  meteoro logical  situat¬ 
ion  may  extend  over  a  longer  distance  is  lower:  any  local  disturbance  can  abruptly  interrupt  signal  recept¬ 
ion.  During  strong  duct  conditions  the  signal  strength  approaches  the  free  space  path  loss,  but  the  fading, 
particularly  at  the  beginning  and  at  the  end  of  the  phenomenon  may  be  very  steep. 

METEOROLOGICAL  CORRELATIONS 

A  comparison  has  been  done  separately  for  the  path  Porto  Tol le-Tr ieste  and  Porto  Tol le-Bologna  betwe^ 
extra  standard  microwave  signal  reception  and  ground  level  meteorological  data.  The  most  meaningful  dat  i 
would  have  been  taken  in  the  middle  of  the  path.  Unfortunately,  meteorological  stations  in  these  legations 
were  not  available,  so  we  had  only  the  chance  to  use  the  data  of  the  Italian  Air  Force  Station  at  Venezia 
Tessera  (see  Fig.  1)  as  the  data  characteristic  of  the  sea  path,  and  the  data  of  Bologna  Airnort  for  the 
flat  land  path.  The  orography  justifies  our  choices  but,  given  the  non-optimal  positioning  of  the  stations, 
the  authors  decided  to  limit  the  comparison  between  days  with  total  absence  of  signal  reception  and  days 
when  the  propagation  conditions  were  at  their  maximum.  Because  only  one  month  of  meteorological  data  have 
been  available,  the  correlation  with  radio  propagation  measurements  is  restricted  to  that  period  of  time. 

Clear  evidence  of  connection  between  signal  reception  and  high  value  of  the  refract ivi tv  at  ground  level 
has  been  found  for  the  sea  path,  as  can  be  seen  in  Fig.  4,  Pressure  and  temperature  counteract  this  effect, 
then  the  main  contributor  and  the  most  sensitive  parameter  looks  to  be  the  water  vapor  pressure.  During 
favourable  days  this  last  quantity  rises  up  to  the  double  of  the  value  charac ter i st ic  of  unfavourable  days. 
During  favourable  days,  two  cases  of  abrupt  and  short  anti-correlation  between  vapour  pressure  and  radio 
propagation  have  been  found  and  investigated.  It  was  verified  that  in  the  same  periods  strong  wind  gusts 
were  recorded  at  the  metfostation ,  making  its  data  not  representat ive  of  the  middle  of  the  path,  some  10  Km. 
away.  The  same  kind  of  analysis  applied  to  the  flat  ground  path  has  not  shown  very  clear  evidence  of  correl¬ 
ation  between  extra  standard  propagation  and  meteorological  quantities.  This  can  be  explained  if  one  con¬ 
siders  the  mechanism  that  is  more  often  responsible  for  duct  formation  over  land:  thermal  inversions.  In 
this  case  temperature  is  no  longer  a  monotonic  function  with  altitude  and  ground  level  data  are  no  longer 
representative  of  the  atmospheric  thickness  responsible  of  transhorizon  radio  propagation. 

CONCLUSIONS 

The  actual  mechanisms  responsible  for  microwave  propagation  well  beyond  the  standard  horizon  may  be  better 
understood  by  comparing  measurements  over  different  orographic  paths.  The  different  time  evolution  of  hourly 
efficiency  istograms  may  identify  the  characteristics  of  the  meteorological  responsible  mechanisms.  From  the 
authors'  measurements  strong  daily  dependence  is  clear  over  flat  land,  where  the  nocturnal  hours  are  the  most 
favourable  due  to  thermal  inversions;  the  almost  constant  efficiency  over  the  sea  is  explained  in  terms  of 
its  high  thermal  capacity,  that  smoothes  the  meteorological  difference  between  day  and  night. 

A  deeper  knowledge  of  these  phenomena  will  require  extended  campaigns  comparing  different  techniques  of 
measurements  to  reduce  statistical  errors  and  to  make  correlations  with  more  representative  meteorological 
data.  This  work  is  now  beyond  the  possibility  of  the  authors  who  started  this  research  to  understand  un- 
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usual  propagation  conditions  in  radioastronomy  work  and  as  a  possible  method  to  monitor  meteorological 
quantities.  From  this  last  point  of  view,  transhorizon  microwave  propagation  might  be  an  inexpensive  tech¬ 
nique  to  identify  and  monitor  thermal  inversions. 
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Bologna 
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Hourly  efficiency  istograms  of  extra-standard  microwave  propagation:  a)  flat  land  path,  Porto  Tolle- 
b)  sea  path,  Porto  Tolle-Trieste  c)  mixed  path,  Tr ieste-Bologna . 


Fig.  3.  Hourly  efficiency  istograms  for  the  path  Tr ieste-Bologna  of:  a)  favourable  events  occuring  contem¬ 
porarily  with  signal  reception  across  the  path  Porto  Tolle-Trieste  and/or  Porto  Tolle-Bologna;  b)  favourable 
events  with  unfavourable  conditions  across  both  the  two  single  paths. 
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ABSTRACT 

It  Is  well  known  that  microwave  propagation  In  a  marine  environment  frequently  exhibits  unexpected 
behavior.  The  deviation  from  4/3  earth  propagation  calculations  Is  due  to  the  fact  that  the  vertical 
refractlvlty  distribution  of  the  troposphere  rarely  follows  the  standard  lapse  rate  of  -39  N/km. 
Instead,  the  troposphere  Is  generally  composed  of  horizontally  stratified  layers  of  differing 

refractlvlty  gradients.  The  most  striking  propagation  anomalies  result  when  a  layer  gradient  is  less 
than  -157  N/km,  forming  a  trapping  layer.  In  the  marine  environment,  there  are  two  mechanisms  which 
produce  such  layers.  An  elevated  trapping  layer  is  created  by  the  advection  of  a  warm,  dry  air  mass  over 
a  cold,  moist  air  mass  producing  either  a  surface-based  or  an  elevated  duct  which  may  affect  frequencies 
as  low  as  100  MHz.  A  very  persistent  surface  trapping  layer  Is  due  to  water  evaporation  at  the  air-sea 
Interface.  This  surface,  or  evaporation,  duct  is  generally  thin,  on  the  order  of  10  ra  In  vertical 

extent,  and  is  an  effective  trapping  mechanism  for  frequencies  greater  than  3  GHz,  With  the  introduction 

of  the  Integrated  Refractive  Effects  Prediction  System  (IREPS)  Into  the  US  Navy,  fleet  units  now  hav<?  the 
capability  to  evaluate  accurately  the  performance  of  their  EM  systems  when  the  refractive  environment  is 
known.  However,  these  units  may  have  to  plan  for  operations  thousands  of  miles  away  under  different 
refractlvlty  conditions.  To  assist  in  planning,  a  worldwide  upper  air  and  surface  climatology  has  been 
developed  for  use  through  the  IREPS  programs.  The  IREPS  concept  is  reviewed  and  a  description  of  the 

tropospheric  ducting  data  base  is  presented. 

V 


INTRODUCTION 


Any  system  which  relies  on  propagation  of  electromagnetic  waves  In  the  earth's  environment  Is  to 
some  extent  propagation  limited.  There  are  a  number  of  examples.  Solar  disturbances  affecting  the 
Ionosphere  can  result  In  complete  disruption  of  the  Navy's  vital  hf  communications  and  surveillance 
network.  Refractive  layers  In  the  lower  atmosphere  can  cause  "holes"  In  shipboard  radar  coverage. 
Oceanic  ducting  phenomena  may  be  exploited  for  over-the-horizon  detection  capabilities.  Aerosols 
(clouds)  are  often  the  limiting  factors  In  electro-optical  systems.  Nuclear  explosions  In  the  atmosphere 
can  cause  blackout  of  hf  communications,  seriously  degrade  both  vlf  and  satellite  strategic 
communications  systems,  and,  for  critical  minutes,  make  radar  useless  by  absorption,  noise,  and 
clutter.  In  general,  these  propagation  phenomena  are  understood  qualitatively  and  most  can  be  modeled 
quantitatively  with  varying  degrees  of  accuracy.  However,  the  quantitative  modeling  often  Involves 
complex  physical  processes  and  cumbersome  mathematical  solutions.  It  has  been,  therefore,  difficult  to 
provide  real  time  performance  assessment  to  the  user  of  equipment  that  depends  on  the  propagation 
environment.  The  advent  of  small,  Inexpensive  digital  processing  equipment  changed  this.  Mini-  and 
microcomputers  with  appropriate  peripherals  can  store  the  geophysical  models  for  calculating  propagation 
conditions,  perform  the  mathematical  processing  and  provide  a  systems  performance  assessment  In  a  form 
that  Is  understandable  and  practical  to  the  user. 

Consequently,  several  propagation  assessment  systems  were  developed  In  the  past  decade.  One  example 
Is  the  PROPHET  (for  propagation  forecasting  terminal)  system  for  hf  communications  assessment  (Richter  et 
al.,  1977).  It  uses  satellite  sensed  solar  x-ray  emissions  and  other  solar  and  geophysical  data  to 
provide.  In  real  time,  propagation  conditions.  This  system  was  so  successful  that  Its  capabilities  were 
expanded  to  include  propagation  effects  on  geolocation  systems,  signal  exploitation,  vulnerability 
assessments,  and  development  of  propagation  dependent  tactics. 

Another  highly  successful  propagation  assessment  system,  IREPS  (Integrated  Refractive  Effects 
Prediction  System)  (Hltney  and  Richter,  1976),  addresses  microwave  propagation  In  the  lower  atmosphere. 
Its  capabilities  are  described  In  the  following. 

IMPS 


In  many  maritime  regions  of  the  world,  there  exist  frequent  abnormal  vertical  distributions  of 
refractive  Index  that  create  non-standard  propagation  effects  such  as  trapping  or  ducting  and  radio  or 
radar  holes.  These  effects  can  lead  to  both  greatly  extended  operating  ranges  for  certain  cases  and  to 
greatly  reduced  ranges  for  other  cases.  Since  the  U.S.  Navy  operates  In  areas  where  such  anomalous 
propagation  Is  frequent,  there  Is  a  requirement  for  a  capability  to  assess  and  exploit  atmospheric 
refractive  effects  and  the  resultant  enhancement  or  degradation  to  naval  surveillance,  communications, 
and  electronic  warfare  (EW)  equipment.  The  system  that  has  emerged  to  fulfill  this  requirement  Is 
IREPS.  The  IREPS  concept  Is  based  on  a  shipboard  computing  capability  which  generates  displays  of 
electromagnetic  equipment  performance  from  Inputs  of  both  environmental  and  equipment  parameters.  The 
environmental  Inputs  required  are  pressure,  temperature,  and  humidity  from  a  radiosonde  ascent,  or 
refractlvlty  and  altitude  obtained  directly  from  an  airborne  microwave  refractometer,  and  surface 
measurements  of  air  temperature,  humidity,  and  wind  velocity  plus  sea-surface  temperature.  Alternately, 
there  Is  a  capability  to  access  a  climatology  of  refractive  effects  for  much  of  the  world's  ocean  areas 
which  will  display  and  provide  typical  environmental  Inputs  for  IREPS  processing.  This  climatology  will 
be  discussed  in  detail  later  in  this  paper. 
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There  are  several  products  from  IREPS,  but  most  widely  used  is  the  coverage  diagram,  an  example  of 
whichr  Is  shown  In  figure  1.  The  coverage  diagram  shows  the  vertical  region  In  space  on  a  spherical 
altltude-ver8us-range  plot  where  a  specified  radar,  communications,  or  EW  system  will  achieve  or  exceed 
one  or  more  predefined  levels  of  performance.  The  example  Is  for  the  case  of  an  arbitrary  400  MHz  air 
search  radar  where  the  three  shaded  regions  represent  the  .9,  .5,  and  .1  probability  of  detection  of  a  1 
square  meter  target.  The  environmental  conditions  for  the  example  were  characterized  by  a  strong 
surface-based  duct  that  has  resulted  in  extended  ranges  below  about  500  m.  The  equipment  parameters 
required  for  the  coverage  diagram  are  frequency,  polarization,  emitter  antenna  height,  antenna  pattern 
type,  vertical  beamwldth,  antenna  pointing  angle,  and  one  or  more  free-space  ranges  associated  with 
desired  levels  of  performance.  Scale  factors  for  the  display  must  also  be  specified. 

A  second  IREPS  product  that  is  quite  valuable  is  the  path  loss  display  that  shows  one-way  path  loss 
in  dB  versus  range.  Figure  2  Is  an  example  of  this  product  for  an  environmental  case  characterized  by  a 
standard  atmosphere  and  for  surface-to-air  300  MHz  UHF  communlcat Ions  equipment.  The  equipment 
parameters  required  for  the  path  loss  display  are  the  same  as  those  for  the  coverage  diagram,  plus  a 
specification  of  receiver  or  target  height.  The  horizontal  dashed  line  threshold  is  based  on  the  free- 
space  range  specified  and  establishes  the  maximum  path  loss  that  can  be  tolerated  for  the  equipment  to 
operate  at  or  above  the  desired  level  of  performance.  In  this  example,  the  threshold  Is  based  on 
acceptable  communications  ability  at  200  km  In  free  space.  As  the  example  shows,  this  same  level  of 
performance  for  a  receiver  at  1000  m  altitude  will  be  achieved  out  to  ranges  of  120  km  for  the 
environmental  conditions  specified.  The  loss  display  can  be  used  effectively  to  assess  radar  detection 
ranges  and  Electronic  Support  Measurement  (ESM)  intercept  ranges  as  well  as  communication  ranges. 

Other  major  IREPS  products  that  exist  but  for  which  no  examples  are  presented  here  are  tables  of 
maximum  ESM  intercept  ranges  for  predefined  lists  of  emitters,  and  tables  of  expected  maximum  surface- 
search  radar  ranges  for  predefined  lists  of  surface  targets. 

The  models  upon  which  all  of  the  products  are  based  are  combinations  of  ray-optics,  simplified  full- 
wave  solutions,  seml-emplrlcal  formulations  based  on  measured  data,  and  interpolations  to  smooth 
transitions  between  the  various  models.  In  the  optical  region,  standard  ray-trace  t*1 'hniques  are  used 
along  with  calculations  of  the  Interference  between  direct  and  sea-ref lected  r.  s.  Reflection 
coefficients  for  horizontal,  vertical,  or  circular  polarization,  modified  for  ocean  roughness,  and  the 
spherical-earth  divergence  factor  are  calculated  as  necessary.  For  ranges  well  beyond  the  horizon,  there 
are  models  to  account  for  standard  diffraction,  effects  of  the  evaporation  duct  and  surface-based  ducts 
from  elevated  layers,  and  tropospheric  scatter.  The  models  for  diffraction  and  the  evapc  tlon  duct  are 
based  on  simple-to-calculate  functions  that  have  been  fit  to  the  results  of  numerical  full-wave 
solutions.  The  model  for  the  surface-based  duct  Is  largely  empirical  In  nature. 

IREPS  displays  that  are  under  development  combine  results  from  the  various  products  aleady  discussed 
to  show  composite  effects  of  propagation  on  a  formation  of  ships.  Figure  3  shows  an  example  for  an 
aircraft  carrier  and  three  escort  ships.  The  darker  shaded  regions  on  this  display  represent  the 
composite  areas  of  detection  of  a  particular  surface  target  by  the  ships*  radars.  The  lighter  shaded 
region  represents  the  composite  vulnerability  of  the  ships’  emissions  to  reception  by  an  adversary's  ESM 
capability.  Such  a  display  will  allow  a  user  to  quickly  evaluate  the  capabilities  and  trade-offs  between 
detection  and  counter-detection  In  light  of  the  current  propagation  environment. 

All  of  the  IREPS  products  require  a  description  of  the  atmospheric  refractlvlty  conditions  In  which 
the  EM  system  is  expected  to  operate.  Obviously,  for  the  shipboard  users,  the  most  recent  upper  air 
sounding  provides  the  best  description  of  the  environment.  However,  the  need  may  arise  for  environmental 
data  at  an  area  far  removed  from  the  ships*  present  location.  In  response  to  this  need,  a  climatology  of 
worldwide  maritime  refractlvlty  conditions  has  been  complied  and  made  directly  available  to  the  IREPS 
users. 

TROPOSPHERIC  DUCT  CLIMATOLOGY 


The  purpose  of  the  climatology  is  to  provide  an  estimation  of  the  tropospheric  ducting  conditions 
for  any  maritime  region.  As  with  all  statistical  descriptions  of  the  environment  It  Is  Intended  to  aid 
in  long  range  or  long  term  planning.  Since  fleet  units  are  highly  mobile  a  description  of  the  expected 
ducting  environment  at  distant  locations  may  aid  In  the  formulation  of  tactics.  Consider,  for  example, 
an  air  strike  against  a  radar  protected  Installation.  The  classical  9trlke  aircraft  altitude  ts  low  to 
the  surface  to  achieve  maximum  penetration  before  detection.  That  is,  the  strike  aircraft  attempt  to  fly 
in  under  the  radar  horizon.  However,  In  some  regions  of  the  world,  strong  surface-based  ducts  are 
observed  to  occur  50Z  of  the  time  or  more.  As  a  surface-based  duct  may  greatly  increase  the  radar 
detection  range  against  low  flying  targets,  the  classical  strike  aircraft  altitude  would  be  the  worst 
possible  location  for  surprise.  Without  Insitu  measurements,  which  are  always  preferable  to  statistical 
descriptions,  the  climatology  can  supply  needed  data  for  making  judicious  decisions.  In  addition,  the 
climatology  provides  the  meteorological  officer  with  a  guide  to  determine  the  frequency  or  need  for  ship 
launched  upper  air  soundings.  In  general,  few  soundings  are  required  at  northern  latitudes  to  assess  the 
local  refractlvlty  conditions  whereas,  In  regions  of  persistent  ducting,  two  or  more  soundings  per  day 
may  be  needed. 

The  climatology  consists  of  data  from  two  distinct  sources.  The  first  source  ts  upper  air 
radiosonde  observations  describing  the  vertical  refractlvlty  profile.  These  profiles  are  derived  from  an 
analysis  by  Ortenburger  (1977)  of  all  radiosonde  stations  reporting  for  five  selected  years.  Pertinent 
profile  statistics  were  extracted  from  this  analysis  for  399  coastal,  island  and  weather  ship  stations. 
On  figure  4,  the  dots  mark  the  location  of  the  radiosonde  stations  Included  in  the  climatology. 
Shipboard  surface  meteorological  observations  comprise  the  second  source  of  data.  The  National  Climatic 
Center,  Asheville,  NC,  processed  all  shipboard  surface  observations  taken  during  the  years  1970  through 
1979  to  obtain  histograms  of  evaporation  duct  height,  wind  speed  and  other  parameters.  Calculations  of 
the  evaporation  duct  height  are  based  on  the  theory  proposed  by  Jeake  (1971)  and  are  described  In  Hltney 
(1975).  These  histograms  were  developed  for  ocean  regions  in  grids  of  10°  latitude  and  10*  longitude 
known  as  Marsden  Squares.  A  total  of  213  such  squares  are  Included  In  the  climatology  and  are  shown  as 
the  shaded  ocean  areas  in  figure  4. 


Figure  1.  400  MHz  air  search  radar 
coverage  diagram.  The  shaded  regions 
represent  the  .9,  .5,  and  .1  detection 
probabilities  for  a  target  of  1  square 
metre  cross  section. 


Figure  2.  Path  loss  display  for  a 
300  MHz  surface-to-air  communication 
system.  Successful  communication  is 
shown  for  ranges  where  the  predicted 
path  loss  (solid  line)  is  less  than 
the  maximum  path  loss  threshold  (dashed 
line)  . 


Figure  3.  Display  of  detection  and 
counter  detection  envelopes  for  a 
formation  of  ships.  The  darker  shaded 
circular  region  centered  on  a  ship 
shows  that  ships'  detection  capability 
against  a  particular  surface  target. 
The  lighter  shaded  region  represents 
the  area  where  a  specified  ESM  system 
is  able  to  counter  detect  the  ships' 
emissions . 
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Figure  4.  Geographic  extent  of  the  tropospheric  ducting 
climatology.  Shaded  ocean  reqions  indicate  areas  containing 
surface  meteorological  observations.  Dots  show  the  location 
of  the  radiosonde  stations. 
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A  sample  of  the  IREPS  Historical  Propagation  Conditions  Summary  is  shown  by  figure  5.  This  product 
describes  the  ducting  climatology  for  a  specified  location  In  the  North  Sea  at  55°  N  latitude  and  5°  E 
longitude.  The  closest  radiosonde  station,  in  the  great  circle  sense,  contained  In  the  climatology  Is 
Schleswig,  Germany,  located  at  54*31'  N,  9°33'  E.  The  closest  surface  observation  source  Is  Marsden 
Square  216  which  is  centered  at  55°  N,  5°  E.  From  these  two  data  sources,  the  program  constructs  five 
tables  for  three  month  time  periods  and  an  overall  yearly  average.  The  five  time  period  columns  are 
further  separated  Into  day,  night,  and  day  and  night  combined  columns  for  diurnal  analysis. 

The  first  table  provides  the  percent  of  time  that  surface-to-surface  communication  ranges  exceed  the 
ranges  expected  under  standard  atmospheric  conditions.  For  example,  on  a  yearly  basis  a  surface-to- 
surface  communication  system  operating  In  this  area  using  frequencies  near  6  GHz  Is  expected  to 
experience  enhanced  ranges  132  of  the  time  during  the  day  and  82  of  the  time  during  night.  A  similar 
system  using  frequencies  near  10  GHz  Is  predicted  to  observe  greater  ranges  342  of  the  time. 

The  next  two  tables  describe  the  percent  occurrence  and  geometries  of  surface-based  and  elevated 
ducts.  These  data  are  derived  directly  or  computed  from  Ortenburger's  results.  In  his  analysis,  diurnal 
statistics  of  the  duct  geometries  were  not  generated  and  this  Information  Is  not  available  within  the 
climatology. 

The  final  two  tables  show  the  percent  occurrence  of  evaporation  duct  heights  In  ten  foot  Intervals, 
mean  evaporation  duct  height,  joint  probability  of  an  elevated  duct  with  a  surface-based  duct, 
probability  of  two  or  more  elevated  ducts,  station  refractlvlty  and  surface  wind  speed. 

Figure  6  Illustrates  the  vertical  refractlvlty  and  modified  refractlvlty  profiles  constructed  for 
the  specified  location.  These  profiles  are  generated  from  the  yearly  day  and  night  statistics  and 
Include  both  the  surface-based  and  elevated  ducts.  Optional  profiles  can  be  created  for  standard 
atmospheric  conditions  (no  ducts),  surface-based  duct  only,  or  elevated  duct  only  for  any  of  the  time 
periods  shown  In  figure  4.  The  mean  evaporation  duet  height  and  the  average  surface  wind  speed  for  the 
time  period  selected  accompany  the  profile  data.  These  data  become  available  for  use  by  the  IREPS 
propagation  prediction  programs. 
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DISCUSSiON 


S.  Rotheram  (U.K.):  I)  Evaporation  duct  predictions  such  as  those  produced  by  IREPS  and  by  our  own 
methods  indicate  prediction  errors  for  path  loss  of  +  20  dB.  Could  you  comment  on  the  operational 
significance  of  these  errors? 

2)  Roger  Helvey  of  PMTC  has  pointed  out  that  temperature  induced  humidity  errors  systematical':/  bias 
the  lowest  part  of  radiosonde  ascents,  producing  spurious  surface  based  ducts.  This  appears  to  inva i'.'date 
much  of  the  Sylvania  data  base  mentioned  in  the  paper. 

K.O.  Anderson  (U.S.):  I)  Statistically,  the  predictions  are  very  good.  We  question  the  validity  for 
operational  purposes,  but  it  is  currently  the  best  that  can  be  done. 

2)  This  is  true  for  the  surface  layer,  although  the  elevated  trapping  layers  are  probably  very 
good  observations.  Roger  is  working  on  a  possible  solution  for  the  surface  layer  problem. 

T,  Almond  (U.K.):  I  think  that  it  is  important  to  ensure  confidence  in  the  IREPS  model.  It  cannot  be 
100%  efficient. 

K.D.  Anderson  (U.S.):  I  agree  with  you.  It  is  a  difficult  job,  but  one  of  the  reasons  for  the  success 
of  IREPS  has  been  the  open  and  sometimes  blunt  communication  between  the  laboratory  and  fleet  users. 

F,  Thomsen  (Denmark)s  Your  coverage  diagrams  show  a  distinguished  lobing  effect  caused  by  reflection  of 
the  transmitted  energy  by  the  sea  surface.  The  exact  position  and  depth  of  these  nulls  are  very  dependent 
on  the  sea  surface  state,  i.e.,  surface  roughness  and  slope  distribution.  Has  this  effect  been 
cons i dered? 

K.D.  Anderson  (U.S.):  Yes.  We  do  include  surface  roughness  effects  in  the  models  for  the  reflection 
coefficient.  However,  we  do  not  account  for  clutter  effects.  The  clutter  is  very  difficult  to  model 
with  any  success. 

T.J.  Boulton  (U.K.):  1)  Data  is  available  from  the  South  Atlantic  via  the  British  Navy. 

2)  With  regard  to  Vertical  Coverage  Diagrams,  is  the  HP  9845  locally  programmable  to  account  for 
antenna  charac ter i st ics? 

K.D.  Anderson  (U.S.):  All  of  the  electromagnet ic  system  parameters  can  locally  be  changed.  These 
parameters  Include  antenna  heights,  types  ((sin  x]/x,  Omni,  height  finder,  fan  beam,  etc.),  power, 
sensitivity,  and  many  more.  We  have  tried  to  make  the  (REPS  program  as  "user  friendly"  as  possible. 

E.  Vilar  (U.K.):  I  would  like  to  comment  on  the  subject  of  reliability  of  radiosonde  measurements.  We 
have  found,  in  an  experiment  using  a  tethered  balloon  and  scanning  the  height  h  between  800  and  1000 
meters  up  and  down  at  various  speeds,  that  the  wet  bulb  temperature  T*  features  were  smoothed  out  during 
the  usual  ascent  and  descent  speeds  of  several  meters  per  second.  In  order  to  see  layers  of  30  meters  or 
less  in  thickness  and  to  receive  a  good  indication  of  the  refractivity  N(h)  gradient  within  the  layer,  one 
needed  ascent  and  descent  speeds  of  about  one  meter  per  second.  This  was  clearly  unsatisfactory  and 
inconvenient.  The  manufacturer  later  acknowledged  that  the  time  constant,  defined  in  the  usual  manner, 
response/time,  could  be  as  high  as  10  to  15  seconds.  Could  you  comment  on  the  possible  impact  of  this  on 
your  data  bank? 


K.D.  Anderson  (U.S.):  The  large  structures  are  most  important.  It  is  believed  that  these  are  adequately 
sensed  by  the  beam. 


DISTORTION  OF  A  NARROW  RADIO  BEAM  IN  A  CONVECTIVE  MEDIUM 


W.G.  Burrows 

Head  of  The  Department  of  Radiocommunications  and  Radar 
Brunei  College,  Bristol. 


Summary 

■v _ \ 

Sin  considering  the  basic  mechanism  of  heat  exchange  by  convective  circulation  in  the  atmosphere  it  is 
apparent  that  the  resultant  thermal  cell  structure,  as  proposed  by  Benard,  may  possess  refractive  index 
properties  which  will  influence  the  cross-sectional  shape  of  a  narrow  conical  radio  beam.  A  simplified 
classical  toroidal  cell  is  considered  for  the  purpose  of  analysis  to  show  that  the  core  of  such  a  cell  in 
the  atmosphere  may  act  as  a  cylindrical  concave  lens.  The  resultant  distortion  of  a  narrow  beam  13  then 
discussed.  The  concept  is  then  developed  further  to  show  that  trans-horizon  propagation  may  result  from 
an  in-line  array  of  thermal  cells. 

1.  Introduction 

In  trans-horizon  tropospheric  radio  systems  it  has  become  almost  traditional  to  assume  that  the  major 
propagation  mechanism  occurs  within  the  constraints  of  the  atmospheric  volume  which  is  common  to  both 
transmitter  and  receiver  terminals.  Using  this  concept  a  number  of  extremely  elegant  hypotheses  have 
been  presented  to  suggest  the  existence  of  a  variety  of  'scatter'  processes  which  are  assumed  essential  to 
this  mode  of  propagation.  Atmospheric  ducting  is  another  concept  which  contrasts  with  the  common  volume 
idea.  However,  experience  in  the  planning  and  use  of  actual  systems  does  not  necessarily  support  either 
the  'duct'  or  'scatter'  concepts  but  relies  to  a  very  great  extent  on  operational  experience  and  empirical 
rules.  The  prediction  of  system  performance  is  an  extremely  hazardous  process  by  virtue  of  this  lack  of 
support  for  the  ' scatter' mechanisims  which  are  also  extremely  difficult  to  predict  on  the  micro- 
meteorological  scale.  Even  on  a  meso-meteorologlcsl  scale,  the  complex  structures  of  the  atmosphere 
provide  a  considerable  challenge  to  the  meteorologist  who  might  attempt  to  predict  the  future  behaviour  of 
such  structures  over  just  a  few  hours.  In  maritime  regions  such  predictions  are  particularly  difficult 
because  of  the  severe  and  complex  mixtures  of  land  and  water  masses.  Simple  observations  have  shown  that 
success  rates  in  excess  of  35  -  40*  for  basic  weather  predictions  are  extremely  rare  for  at  least  the 
southern  part  of  the  British  Isles. 

Under  these  circumstances  the  hazards  associated  with  predicting  the  future  performance  of  a  trans¬ 
horizon  radio  system  are  akin  to  those  of  a  gamble,  particularly  in  the  absence  of  any  prior  experience. 

It  also  suggests  that  our  knowledge  of  basic  meteorology,  and  its  impact  on  the  radio  wave  is  still 
extremely  limited  in  spite  of  the  many  great  improvements  that  have  been  made  in  the  general  fields  of 
Instrumentation  and  measurement  which  are  applicable  to  the  lower  regions  of  the  atmospheric  medium. 

Much  of  the  present  day  development,  research  activity  and  effort  has  however,  moved  to  consider  those 
meteorological  parameters  which  may  be  of  primary  importance  to  the  commercial  and  military  use  of 
transmission  systems  operating  in  the  millimeter  wave  bands. 

Whilst  all  of  the  parameters  which  can  be  defined  for  a  commercial  communication  system,  particularly 


those  which  are  directly  related  to  both  development  and  operating  costs. 


are  of  paramount 


importance  it  does  not  necessarily  follow  that  all  of  the  essential  parameters  are  either  known  or 
quantifiable.  Nor  indeed  does  it  follow  that  all  of  the  parameters  which  are  known  are  considered  to  be 
of  significance.  Whilst  the  historical  issues  which  give  rise  to  the  original  surge  of  interest  in 


tropospheric  radio  wave  propagation  are  well  known,  together  with  some  of  the  initial  very  elegant 
theoretical  works  which  proposed  the  propagation  aachanisims,  the  basic  conceptual  model  of  the  common 
volume  has  been  retained  by  the  vast  number  of  research  workers  who  have  been  and  are  concerned  with  the 
parameters  of  the  meteorological  structure  which  are  constrained  within  the  boundaries  of  that  volume. 

The 'radio  duct'  is  of  course,  an  exceptional  case  which  at  this  point  might  be  temporarily  excluded  from 
the  discussion. 

However,  it  would  seem  that  in  almost  all  instances  where  a  common  volume  model  is  assumed,  the 

meteorological  atractures  which  are  constrained  within  that  volume  are  considered  to  be  either  of 

turbulent  'blob1  form  or  of  an  horizontal  stratiform  type.  Curiously,  any  structure  which  is  likely  to 

give  a  vertical  boundary  is  never,  or  very  rarely,  given  any  serious  consideration.  Vertical  boundaries 

or  interfaces  have  been  given  some  consideration  in  a  number  of  experimental  investigations  but  in  all 

cases  they  have  been  dismissed  in  favour  of  horizontal  forms.  Equally  curious  few,  if  any  workers  seem 

to  have  given  any  consideration  to  those  regions  of  both  the  transmitter  and  receiver  beams  which  are  not 

contained  within  the  common  volume.  Whilst  it  is  obviously  elementary  to  assume  that  there  may  be  no 

disturbances  to  the  beam  shape  or  cross-section  which  are  significant  when  a  common  volume  is  only 

considered,  it  is  equally  obvious  that  if  changes  or  disturbances  do  occur  in  the  beam  shape  or  cross- 

sections  then  the  validity  of  the  common  volume  concept  weakens  very  considerably.  Indeed,  in  the 

presence  of  extreme  disturbances  at  all  points  along  a  transmission  path,  it  is  conceivable  that  the 

common  volume  concept  would  be  totally  invalid.  In  previous  reports  the  author  has  described 

1 . 2 

experimental  work  which  has  been  conducted  both  on  full  scale  systems  operating  in  a  maritime  climate  and 

on  laboratory  scale  models  of  the  same  system  in  which  all  the  fading  chacteristics  obtainable  on  the  full 

scale  systems  could  be  simulated.  The  modelling  technique  which  was  inspired  by  the  work  of  Avsec,  and 
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which  was  pioneered  by  the  author  for  the  principal  purpose  of  conducting  controlled  experimental  studies 
on  the  causes  of  fading  has  alao  been  aubsequently  used  to  advantage  for  the  performance  prediction  of  a 
number  of  commercial  and  military  systems.  With,  perhaps,  the  principal  advantage  of  allowing  controlled 
studies  to  be  made  of  the  fading  resulting  from  simulated  simple  meteorological  structures  which  are  known 
to  exist  at  all  points  in  the  whole  path  region  between  transmitter  and  receiver,  the  modelling  technique 
has  suggested  a  number  of  somewhat  controversial  conclusions.  The  most  significant  of  these  are:- 

1)  that  for  a  given  system,  operating  at  a  particular  wavelength  the  region  of  the  atmosphere  which 
is  most  likely  to  produce  the  most  significant  effects  on  a  narrow  transmitter  beam  lies  in  the  first 
few  thousands  of  wavelengths  of  altitude  from  ground  or  sea  level. 

2)  that  the  distortion  effects  on  the  cross-section  of  the  beam  which  occur  as  a  result  of  the 
equivalent  of  a  standard  temperature  gradient  in  the  same  altitude  regions  all  along  the  path  are 
such  that  a  common-volume  would  be  totally  undefinable  and  therefore  invalid  even  as  a  concept. 

The  refractive  index  profiles  which  are  obtainable  for  the  lower  regions  of  the  'model  atmosphere'  are  of 

shapes  which  are  very  similar  to  those  which  are  obtainable  for  the  full-scale  system,  but  with  one  very 

Important  difference.  For  the  full  scale  system,  by  whatever  method,  the  measurement  of  a  refractive 

index  profile  requires  a  significant  period  of  time  and  only  applies  to  an  extremely  restricted  region  of 

the  atmosphere.  In  contrast,  the  profiles  obtained  in  the  laboratory  model  are  obtained  by  a 

i 

photographic  method  where  all  values  of  the  refractive  index  for  all  possible  profiles  in  a  very 
considerable  portion  of  the  propagation  path  are  obtained  at  one  and  the  same  instant  of  time.  A  series 

of  such  profiles,  taken  over  a  period  of  time,  has  shown  that  considerable  changes 


can  occur  in  the  3hape  of  the  profile  for  a  particular  vertical  region  over  a  relatively  short  period 
of  time.  Studies  of  these  profiles  and  the  very  simple  'atmospheric'  activities  which  can  be  related 
to  their  shapes  also  suggest  that  the  interpretations  which  are  often  given  to  explain  the  shapes  of 

the  refractive  index  profiles  for  the  real  atmosphere  may,  at  least,  be  speculative  and  at  worst, 

quite  wrong.  Although  the  model  techniques  has  many  shortcomings,  and  is  obviously  a  very  simplified 
representation  of  an  extremely  complex  atmospheric  medium,  the  various  studies  that  it  has  supported 
have,  at  very  least,  directed  attention  towards  the  meteorological  activities  in  the  lower  regions  of 
the  troposphere  and  away  from  the  Common  Volume  concept  as  it  is  applied  to  the  communication  system. 
Indeed  most  of  these  studies  have  suggested  that  the  activities  in  the  lowest  regions  of  the 

troposphere  and  over  the  whole  of  the  length  of  a  given  path  may  be  of  altogether  greater  significance 

to  a  transmission  system,  line  of  sight  or  trans-horizon,  than  the  30-called  common  volume.  Since 
much  of  the  meteorological  activity  in  the  lower  region  of  the  troposphere  is  directly  associated  with 
the  exchange  of  heat  in  the  immediate  regions  of  the  earth  -  atmosphere  boundary  then  the  various 
forms  of  convective  turbulence,  which  are  the  principal  agents,  must  be  considered  in  greater  detail 
and  particularly  in  respect  of  their  effects  on  a  radio  beam.  In  1939  Avsec^  used  a  laboratory  model 
technique  to  demonstrate  many  of  the  properties  of  the  larger  thermal  or  Benard  cell  which  is  known  to 
prevail  in  arrays  of  infinite  varieties  of  shapes  and  sizes  in  the  lower  atmosphere  and  adjacent  to 
the  earth's  surface  at  all  times.  Clider  pilots  and  some  birds  profit  by  such  structures,  airline 
pilots  and  passengers  frequently  suffer  from  the  effects  of  thermals, and  many  forms  of  precipitate  are 
formed  by  the  thermal  cell.  In  1959  Belatini  suggested  that  the  thermal  cell  might  act  as  a  concave 
lens  and  that  an  array  of  such  cells  may  provide  a  propagation  mechanism  for  trans-horizon 
tropospheric  transmissions.  The  experimental  work,  using  the  laboratory  model  technique  to  which 
reference  has  already  bean  made,  gives  significant  support  to  the  importance  of  the  near  surface 
thermal  activity  and  its  effects  on  a  radio  beam.  It  would  seem,  therefore,  that  the  simple  effects 
that  a  thermal  convective  cell  may  impose  on  a  narrow  radio  beam  might  be  investigated  with  advantage. 

2.1  The  Convective  Medium 

In  any  discussion  which  concerns  the  sources  of  energy  that  are  manifest  in  the  continually  moving 
and  changing  air  masses  which  form  the  Troposphere,  solar  irradiation  of  the  planet  would  be 
considered  the  prime  source.  Aa  a  result  of  the  energy  which  is  absorbed  at  the  earth's  surface, 
and  which  experiences  diurnal  changes  in  the  amounts  at  any  one  point,  there  is  the  heat  exchange 
between  the  earth's  surface  and  the  lower  atmosphere.  In  general  terms,  it  is  the  outward  flow  of 
heat  in  this  exchange  that  is  deemed  responsible  for  most  of  the  activity  which  takes  place  in  the 
Troposphere.  The  exchange  of  heat  in  any  situation  is  normally  achieved  by  one  or  both  of  two  basic 
processes,  conduction  or  convection.  In  the  case  of  the  land  or  sea  atmospheric  air  interface,  it 
might  be  argued  that  an  'outward'  flow  of  heat  to  the  upper  regions  of  the  troposphere  by  conduction 
is  virtually  impossible  since  the  Thermal  conductivity  of  air  is  several  orders  of  magnitude  smaller 
than  that  of  either  land  or  wator.  However,  heat  may  be  transferred  from  the  land/water  surface  by 
a  conduction/diffuaion  process  to  the  immediately  adjacent  air  and  then  transported  elsewhere  by 


convection. 

Quite  frequently,  when  a  convection  state  is  considered  to  exiat  in  the  'free'  atmosphere,  the 
mechanism  ie  described  in  terms  of  the  eddy  or  turbulent  convection.  Although  neither  of  the  terms 
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'eddy'  or  'turbulent'  presciaely  describe  any  particular  mechanism, their  use  in  the  statistical 
methods  appropriate  to  the  problems  of  wave  propagation  in  the  Troposphere  is  well  known. 

In  contrast,  and  perhaps  sore  crudely  the  Benard  or  Thermal  Convective  cell  is  a  structure  which  has 
been  the  subject  of  considerable  study  by  aerodynamicists,  botanists,  meteorologists,  mathematical 
physicists  and  ornithologists.  Initially  observed  and  studied  by  Benard,  the  convective  cell  has 
been  created  in  the  laboratory  for  study  by  Avsec  and  therefore  may  be  regarded  aa  a  structure  which 
is  capable  of  definition  in  terms  of  all  or  most  of  its  physical  properties.  In  the  real  atmosphere 

thermal  convective  cells  or  'Thermals'  have  been  recorded  to  exist  with  a  very  large  range  of 

fc,  8 

physical  dimensions  and  shapes.  By  assuming  a  classical  toriodal  shape  as  shown  in  the  Fig.  1  the 
range  of  the  dimensions  a  and  R  may  both  extend  from  a  few  metres  to  a  number  of  kilometres. 
Furthermore,  there  is  much  evidence  to  suggest  that  thermals  exist  singly  or  in  arrays  in  both  the 
horieontal  and  vertical  planes  in  the  atmosphere  and  with  varying  intensities  according  to  their 
sources  and  positions. 

Simple  investigations  of  the  bibliography  on  thermals  very  readily  yields  the  information  that  such 
cells,  particularly  in  the  classical  toroidal  form.^are  mainly  characteriaed  by  the  particular 
distributions  of  pressure,  temperature,  velocities  and  densities  of  the  air  within  the  entire 
structure. 

2.2.  The  single  toroidal  cell 

By  assuming  a  simple  toroidal  form  of  cell  as  shown  in  the  Fig.  1  the  appropriate  geometry  may  be 
developed  by  using  the  construction  shown  in  the  Fig.  2. 

However,  whilst  it  is  clear  that  a  three  dimensional  structure  should  be  considered,  for  reasons  of 
simplicity  it  i3  convenient  only  to  consider  an  'elemental  section'  in  the  plane  parallel  to  and 
through  the  principal  axis  of  the  cell. 

The  elementary  volume  dV  is  given  by:- 

dV  =  AB.AC  _  1 

where  AB  =  'aide*  area  of  the  element 

=  -rf) 

and  since  rt  =  r  ♦  \  dr  and  r,  =  $  dr 

thenAB  =  r.  dr.  doc  _  2 

and  the  thickness  AC  is  given:- 
A  C  =  R0d6  within  the  region  of  interest. 

However,  since  Re  =  R  -  r  coack ,  then  : - 
AC  o  (R-r  Coaot).  dfl 

=  R  (1  -r  Cos  ok  ).  d8  _  3 

R 

If  the  radius  a  ia  normalised  with  respect  to  the  radius  R  to  give  a  radius 
coefficient  A,  and  thus  give  a  description  to  the  core  of  the  cell,  where:- 


A  =  a 

R 


4 
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Similarly  the  'shell  radius'  may  be  normalised  to  give  a  radius  r^  relative  to  the  radius  a 


Substituting  the  equ.  4  and  5  into  equ.  5 
thus  gives 

AC  =  8  (l-r  A  Cos <x )  d0  .  _ 

n  "  ■ 

The  elemental  shell  volume  dV  =AB.  A C  may  now  be  given  :- 

dV  =  r  dr.  d<*  .  R  (l-r  A  Cose*)  d8  . 

n 

=  R.r  (l-r  A  CosoO  dr.  d«  .  d8  . 
n 

The  total  volume  for  the  elementary  shell  of  the  toroid  will  therefore 


r  =  r,  o<=  2 IT  6-2tr 
n  Z  r  r 


R.r  (l  -  rn  Coscx)  dr.  d«.d6. 


r  =  r(  =4  =  o  fl  =  o 

=  2  tr!  R  (r*  -  r*  ). 

and  since  r2  +  rt  =  r,  re  -  r|  =  dr 


then  V  =  4TT  R.r. dr. 


Similarly  for  the  same  toroidal  shell,  the  cross-sectional  area  which 
is  offered  normal  to  the  direction  of  any  tangential  flow  may  be  derived 
from  the  elemental  area  JLA^  where 

d  =  AC.  dr  _ 

Substituting  equ.  6  into  equ.  9  gives 

d  AT  =  R  (l-rn  A  Coscx)  d0.  dr. 

The  total  cross-sectional  area  A  will  be  given  :- 

T 


R(l  -  rn  A  Cos  cx  )  d  8  .  dr. 


r  =  r,  «  =  o 


2ttr  (1  -  r  A  Cos  or  ).  dr. 
n 


»  2tr»  (l-r  A  Cos  04  ).  dr.  _  10 

It  can  be  readily  observed  in  the  equ.  10  that  the  cross-sectional  area 

A  *  f  (oc)  with  a  minimum  value  when  «*=  0  i.e,  at  the  centre  of  the 
T 

whole  toroid. 

Whilst  the  maxi  mum  value  occurs  when  o<«  +  tr  at  the  outer  periphery  of  the 
whole  structure,  a  mean  value  where  =  2  n  R.dr.  occurs  when  <x  =  +  TT/2  . 


Thus  the  core  of  the  toroidal 
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cell,  for  the  purpose  of  any  Idealised  steady  state  air  flow,  say  be  regarded  as  a  tube  of 
varying  cross-section  area  between  the  upper  and  lower  extremities  of  the  cell. 

If  it  is  then  assuocd  that  the  rate  of  Bass  flow  of  a  fluid  through  that  tube  is  constant, 
there  will  be  variations  in  the  density,  pressure  and  velocity  distributions  in  the  effective 
length  of  the  tube. 

With  the  simplified  assumptions  given  by  Cone,  that  all  streamlines  within  the  boundary  of 

s 

a  single  stationary  cell  are  closed  and  that  all  the  fluid  mass  m  circulates  around  the 
vortex  (toroid)  ring,  then  the  rate  of  fluid  flow  F  at  any  point  in  the  cell  may  be  given  by  the 
general  expression: - 

F  =  dm  =  ?<u  _  11 

dt 

where  ?  =  fluid  density,  q  =  velocity  and  A  =  cross-sectional  area  normal  to 
the  velocity. 

Whilst  the  parameters  ^  ,  q  and  A  in  equ.ll  are  variable  the  total  product  to  give  the 
flow  rate  P  is  constant. 

For  the  closed  toroidal  ring  shell  the  total  fluid  flow  rate  may  also  be  given:- 

F  =  _  12 

T 

where  "'t  =  total  fluid  mass  in  the  shell  and  T  =  time  for  the  fluid  to  flow  round  a 

circuit  of  any  cross-sectional  area  once. 

For  a  fluid  of  static  density  ?o  and  a  total  volume  v  of  the  ring  shell  equ.  12  gives :- 

F  =  =  J&J l  _  13 

T  T 

From  equ.  11,  the  fluid  flow  rate  per  unit  area,  T,  is  given 

I  =  F  =  ?  q  _  14 

A 

Similarly,  from  equ.  13 

I  -  F  =  9.  V  _  15 

A  T  A 

Combining  equ.  14  and  15  gives 

?  q  =  ?.  v  _  16 

T  A 

Now  from  equ.  8  and  10,  the  ratio  of  the  volume  V  of  the  shell  to  its  cross-sectional  area 
At  may  be  given: 

I  =  2^  re  A  _  17 

\  1  -  rn  A  Cos 

The  equ.  16  thus  becomes:- 

I  =  2TT-  R  r-  A _  _  18 

T  Tl  -  r„  A  Cos  ) 

Also  for  a  radial  path  of  radius  R,  the  tangential  velocity  qe  may  be  gi ven : - 

q  =  2  if  R  _  19 

*  T 

Thus  for  the  full  radius  a  of  the  vortex  core,  the  average  tangential  velocity  q^  will  be:- 

a  «  2iT a  20 

Ht  —  - 


From  equ.  19  and  20. 


Thus  if  a  normalised  mass  flow  rate/unit  are  P  may  be  given  from  equ. 

16  and  21:- 

p  =  i  =  9q _  =  rn  *  _  22 

Ic  <?o  TT" -  i^A  Cos**) 

The  function  P  in  equ.  22  is  plotted  for  the  variables  r^  and  <x.  for  a  given  value  of  the 
aperture  coefficient  A  as  shown  in  the  Fig.  3.  In  this  form,  the  figure  conveniently  displays 
an  effective  vertical  cross-section  of  one  of  the  vortex  cores  of  a  single  cell  to  give  the 
distribution  of  the  surfaces  of  the  flow-density  function  P  . 

In  obtaining  this  distribution  for  the  whole  of  a  single  cell  it  can  be  clearly  seen  that 
for  a  given  fixed  cell  geometry  the  maximum  flow-density  exists  at  the  centre  of  the  core  of  the 
Toroidal  structure  and  is  a  minimum  at  the  outer  periphery. 

In  determining  an  array  of  equal-flow  density  surfaces  for  the  simple  thermal  cell,  where 
each  surface  is  concave  in  shape,  it  can  be  assumed  that  the  cell  must  therefore,  possess  quasi - 
optical  properties  as  far  as  the  narrow  radio  beam  is  concerned.  The  significant  changes  in 
the  flow  density  of  the  air  or  fluid  in  the  region  of  the  core  of  the  cell  will  give  ri.Be  to 
equally  significant  values  of  the  radio-refractive  index  of  that  region  which  will  cause  the 
cell  to  behave  in  a  manner  similar  to  that  of  cylindrical  biconcave  lens. 

By  simple  inspection  of  the  Pig.  3  it  Can  be  seen  that  the  function  P  ,  which  is  a  function 
of  both  local  density  and  tangential  velocity,  has  an  absolute  maximum  value  of  A/l-A  and  a 
minimum  value  of  A/l  +  A  at  the  outer  periphery.  At  the  boundary  where  r  =  a,  at  both  the  top 
and  the  bottom  of  the  cell,  P=  1  and  at  the  axis  of  the  vortex  coreP  =  o. 

Whilst  the  flow  of  a  gas  through  tubes  has  been  the  subject  of  considerable  specialised 
study,  some  reference  to  the  more  elementary  laws  that  have  resulted  from  these  studies  will 
allow  valuable  information  to  be  determined  in  respect  of  the  core  of  the  thermal  cell. 

In  his  work  on  hydrodynamic  flow  in  ’stream  tubes’,  Lam^develops  a  relationship  between 
local  velocities,  the  gas  constant  and  the  velocity  of  sound  for  the  steady  flow  of  a  gas  which 
is  subject  to  the  adiabatic  laws. 

With  a  velocity  q^  and  the  velocity  of  sound  Cq  at  some  fixed  point  in  a  ’tube’  of  gas  flow 
flow,  where  the  gas  constant  or  ratio  of  specific  heats  is  K  ,  a  condition  of  equilibrium  is 
established  for  any  other  point  when:- 


Where  c  is  the  velocity  of  sound  corresponding  to  the  local  value  of  the  velocity  q. 

Also  for  a  cross-sectional  area  6  and  an  h  lament  of  tube  length  there  is  the 
additional  equilibrium  condition  where:- 

6  da  "q  da  i  “ 

For  a  converging  tube  the  equ.  23  and  24  show  that  when  the  local  velocity  q  increases 
there  is  a  corresponding  reduction  in  the  relevant  local  velocity  of  sound.  The  relationship 
reverses  for  the  case  of  the  divergent  tube.  Both  cases  depend,  of  course,  upon  whether  q  is 
less  or  greater  than  c.  If,  however,  in  the  limit,  the  local  valueo  of  the  velocities  q  ani  e 
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may  be  assumed  to  approach  one  another  and  to  a  common  value 
l.e.  when  q  =  c  =  _ 


Then  the  equ.  23  may  be  given  thus.- 


V 


25 

26 


For  the  practical  atmospheric  case  where  q^  <c.  cq 


from  which 


[  *  -(fr,)]  =(M) 


the  equ.  26  reduces  to:- 


27 


For  the  normal  value  of  the  velocity  of  sound  in  dry  air  where  cQ  =  331.45  in/sec,  and 
assuming  a  value  of  the  gas  constant  if  =  1.408,  the  value  of  q^  will  be  given:- 
<!„  =  302.07  m/sec.  28 

This  value  of  q^  which  is  some  9^  leas  than  cq  will  be  the  local  tangential  propagation 
velocity  of  sound  at  the  very  centre  of  the  core  of  the  toroidal  cell  and  will  be  a  maximum 
value.  Since  this  local  propagation  velocity  of  sound  is  related  to  both  density  and  the 
Young's  Modulus  M  in  the  form:- 


«»  = 

if  M 

<m 


=  1.4.10 


Kg/m/ee<^ 


=  1.534  Kg/m3  , 


and  q^  -  302.07  m/ sec  then. 


29 

30 


and  if  for  dry  air  =  1.22Kg/m3,  then 


^  m  =  1.257  Kg/m5 


31 


The  equ.  31  thus  suggests  that  there  la  an  effective  density  compression  ratio  of  1.26  ait 
the  centre  of  the  cell  using  the  assumption  that  the  Modulus  of  Elasticity  M  remains  constant. 
Any  change  that  is  likely  to  occur  in  the  value  of  M  can  only  increase  the  compression  ratio. 

By  using  these  values  of  q_  and  ?  with  the  known  value  of  ?  for  dry  air,  it  is  now  possible 

nB  IB  0 

to  determine  similar  information  for  most  regions  of  the  whole  thermal  cell  by  using  the 
families  of  the  function  P,  given  in  equ.  22,  for  various  values  of  the  aperture  function  A. 
By  considering  the  equilibrium  condition  given  in  equ.  22  where:- 


for  the  maximum  values, 
the  condition  where  r^ = 


?  9  =  <Lq 


1  -  r  A  Cos « 
n 


where  R  =  ?m  and  q  =  qffl  at  the  centre  of  the  cell 
1  (i.e.  r  =  a)  and  4=  o,  then 


which  also  satisfies 


Putting?#=  1.22  Kg/mt  q^  =  302.07  m/sec  from  equ  28,  m  =  1.257  R  Q  from  equ  31,  and  giving 
qo  the  arbitrary  value  of  0,1  m/s.  the  conditions  of  equilibrium  in  equ.  3 2  gives:- 
1.257f  Q  302.07  =f  0  0.1  _A_ 


which  ia  satisfied  by  a  value  of  A,  the  aperture  function ^here 

A  =  0.9997  _ 33 

It  will  be  noted  that  this  solution  is  also  directly  related  to  a  velocity  ratio,  at  the  very 
centre  of  the  cell,  of 


qB  /qo  -  3020.7 


34 
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The  resultant  associated  tangential  velocities  at  the  full  radius  a  at  the  top  and  bottom  of  the 
cell  will  be  given  from  equ.  21  aa:- 

qt  =  ^o  *  qo  =  0,1  _  55 

For  these  sane  regions  there  will  be  density  coopression  ratios  of  unity. 

At  the  lateral  extremities  of  the  cell,  and  at  the  radius  surface  where  r  =  a  and  e<=  TT  , 
the  conditions  of  equilibrium  in  equ.  22  may  be  used  to  give  the  relationship :- 


to  give 


^  q  “  ?  q  A 

•  •  °  0  iT* 


?eqe  =  6.099  10  kg/mVsec. 


The  product  value  given  in  the  equ.  37  suggests  that  the  ratio  qg  /?  qo  is  slightly  less 
than  o.5  and  which  is  principally  due  to  a  significant  reduction  in  the  velocity  q  rather  than  a 
change  in  the  density  ^  .  If,  for  the  purpose  of  obtaining  relevant  values  of  both  9  and  q,  it 
is  assumed  that  qg  =  0.55. qQ  =  0.055  a/ s  then  a  density  of(Jg  =  1.11  completes  the  product 

of  equ.  37. 

The  values  of  q  and  ^  that  have  been  calculated  from  the  equ.  28  to  37  show  that  where  a 
fluid  flows  through  a  1  tube'  of  varying  cross-section  there  are  changes  in  both  density  and 
velocity,  particularly  where  the  fluid  is  air  and  compressible.  In  the  case  of  atmospheric  gas 
(air),  where  the  density  ^  is  low  and  the  Modulus  of  Electricity  M  is  high,  it  would  be  expected 
that  the  changes  of  velocity  with  ' tube'  cross-section  would  be  significantly  large  whereas  the 
changes  in  density  would  be  relatively  low.  For  other  fluids  the  exact  opposite  might  be  true- 
The  Radio  Refractive  Index  of  the  Thermal  Cell  Core. 

For  the  atmosphere  medium,  the  well  known  formula  used  for  the  calculation  of  the  radio 


refractive  index  is  given  thua:- 


H  =  (n-l)  106  =  . 


UA  [  p  +  4710e  I 
T  J_  T  J 


in  the  'N  unit'  form  where  n  =  radio  refractive  index, 

P  =  atmospheric  pressure,  e  =  the  partial  water  vapour 

pressure  and  T  =  the  absolute  temperature. 

For  dry  air,  the  eqn.  38  may  be  reduced  to  the  simple  relationship 

N  =  77. 6P  _  39 

T 

Also,  for  a  unit  mass  of  gas,  the  simple  gas  law  may  be  given. 

PV  =  RT  _ _  jo 

where  R  =  the  gas  constant  and  V  =  the  specific  volume. 
Since  the  spec:  r..'  voiume  V  *l/^  then  the  eqn.  40  beeooes:- 


•  P  =^R  _ 

T 

Substituting  equ.  41  into  the  equ.  39  gives:- 


K  -  77.6  ^  R 


Applying  the  value  of  R,  the  gae  constant  for  air  gives:- 

S  =  223  ^  _ 


43 


where  ?  =  gas  density  in  Kg/n< 

In  equ.  43  it  has  been  established  that  the  radio  refractivity  of  a  1  dry  air1  atmosphere  aay  be 
considered  a  direct  function  of  the  gaa  density.  It  is  therefore  possible  now  to  determine  the 
refractivlty  N  values  for  various  regions  of  the  cell  core.  Proa  the  equ.  38  it  can  be  seen  that 
the  presence  of  water  vapour  will  only  enhance  the  N  values  determined  for  the  'dry  air*  core. 

If  the  density  of  air  at  ground  level  is  given  the  value  where  ?  =  1.22  K/»l  ,  then  the 

refractivity  N  is  given  from  equ.  43  thua:- 


»  =  223  ?  =  223.1.22  =  272.1  _  44 

Prom  the  vr iocity  given  in  the  equ.  33  ana  the  corresponding  density  values  it  can  be  seen  that 
the  radio  refractivity  at  both  the  top  and  bottom  of  the  cell  core  will  have  values  similar  to  that 
given  in  equ.  44. 

Similarly  at  the  very  centre  of  the  cell  core  where,  from  equ.  31,  ?  =  1.257?  the  radio 

m  o 

refractivity  values  may  be  determined  from  the  density  component  of  the  equ.  37  thus. 


N  =  223.  1.11  =  248 


46 


Whilst  all  of  these  refractivity  values  are  based  on  both  the  density  of  dry  air  and  the 
velocity  of  sound  given  for  ground  level  the  corresponding  values  of  N  at  different  altitudes  are  not 
expected  to  be  significantly  different.  Although  both  pressures  and  velocities  may  change  with 
altitude,  neither  density, compression  or  velocity  ratios  are  expected  to  experience  significant 
change.  Similarly  the  aperture  function  of  the  cell  will  remain  substantially  Independent  of 


altitude. 


The  values  of  radio  refractivity  H  given  in  the  equ.  44-46  of  course  relate  to  specific  points 

on  the  surface  of  P=  1  for  values  of  A  =  0.9997  and  r  =  1  and  for  all  values  of  8  .  These  values 

n 

are  also  quite  typical  of  those  which  are  exhibited  by  the  many  radio-refractive  index  profiles  which 
are  obtained  by  radio  refractometer  measurement  methods.  Indeed,  full  profiles  calculated  for  the 

thermal  cell  will  yield  values  which  agree  with  most  measured  values  and  also  suggest  ' reasonable  - 
fits'  with  the  vertical  extensions  of  Thermal  cells  to  the  positions  of  adjacent  discontinuites  in 
the  normal  refractive  index  profile. 

The  concave  surfaces  of  the  function  P ,  any  one  of  which  forms  an  effective  core  of  the  thermal 
cell  with  different  refractive  properties  from  that  of  the  surrounding  air(may  thus  establish  the 
basic  cylindrical  biconcave  lens  of  the  types  shown  in  the  Pigs.  4  and  5. 

3.  1  Beam  Distortion  due  to  a  Thermal  Cell 

In  establishing  that  the  core  of  a  Benard  or  Thermal  Cell  may  be  regarded  as  a  cylindrical  lens, 

of  overall  physical  shape  as  shown  in  the  fig.  4,  it  is  clear  that  such  a  structure  could  give  rise 

to  considerable  distortion  to  the  shape  of  a  narrow  radio  beam.  Since  the  majority  of  tropospheric 
radio  systems  employ  narrow  beams  in  the  interest  of  power  conservation,  the  presence  of  "thermal 
lenasa"  on  a  given  propagation  path  aay  give  rise  to  either  considerable  additional  path  loss  or 
gain  depending  upon  the  nature  of  the  actual  distortion. 

Ths  interaction  of  the  'thermal  lens'  structure  with  a  narrow  radio  beam  clearly  presents  an 
extremely  complex  problem  with  an  equally  complex  array  of  solutions.  In  the  strictest  sense  the 
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'  themal  core',  by  virtue  of  the  distribution  of  the  refractivity  surfaces  within  the  core,  should  be 
regarded  as  a  distributed  lens  structure.  In  addition,  for  the  true  narrow  divergent  radio  bean, 
this  lens  struature  will  provide  additional  divergence  to  the  beai  in  the  horizontal  and  vertical 
planes  normal  to  the  direction  of  propagation.  The  extent  of  the  divergence  in  both  planea  will,  of 
course,  be  dependent  upon  the  relative  dimensions  of  the  lens  and  the  cross-section  of  the  incident 
beaa.  The  effective  focal  length  of  the  'lens'  is  also  of  considerable  significance  as  is  the 
possible  convergence  that  could  result  in  the  horizontal  plane  from  the  effective  convex  lens 
properties  of  the  centre  of  the  cell. 

In  the  interests  of  simplicity,  it  is  convenient  only  to  consider  the  simplest  possible  'lumped' 
lens  structure  and  to  express  any  distortion  effects  that  it  might  induce  in  terms  of  those 
parameters  which  are  of  some  significance  to  the  radio  system. 

3.2  Attenuation  due  to  the  thermal  cell 

In  the  case  of  a  narrow  radio  beam  which  is  directed  towards  a  distant  point  beyond  the  radio 
horizon  the  only  effects  which  are  of  prime  interest  to  the  system  designer  are  those  which  might  be 
associated  with  distortion  in  the  vertical  plane  only.  Such  distortion  in  the  shape  of  the  cross- 
section  of  a  beam  will  inevitably  result  in  a  change  in  the  power  density  distribution  across  the 
beam  which,  in  turn,  will  appear  as  an  attenuation.  For  the  purpose  of  obtaining  an  estimate  of 
this  attenuation,  a  single  thin  bi-concave  lens  of  the  approximate  fora  given  in  the  Fig.  5  might  be 
considered.  It  is  also  convenient  to  consider  the  thickness  or  width  W  of  the  slice  to  be 
determined  from  a  cell  core  of  radius  (R-a)  where:- 

W  =  2  (R  -  a)  _  47 

From  the  surfaces  given  in  the  Fig.  3  when  P  =  1  and  rn  =  1  the  radius  of  the  effective 
concave  lens  becomes  approximately  =  1.25a. 

Expressing  equ.  47  in  terms  of  the  vortex  core  radius  a  and  the  aperture  function  A  gives:- 

W  =  2a  (1  -  A)  _  48 

A 

Applying  an  'illumination  factor'  K  to  the  width  of  the  lens  gives  an  active  width:- 

Klpf  =  2Ka  (1  -  A)  _  49 

A 

The  active  area  L  of  the  lens  presented  to  a  beam  will  thus  be:- 
L  =  2a  KW 

=  4a*  K  ( 1  -  A)  __ _  50 

A 

In  the  somewhat  ideal  situation  where  there  is  a  concentration  of  thermal  cells,  as  considered 
by  Avsec  et.  ml.  the  total  area  presented  by  a  single  thermal  cell  may  be  given:- 

LT  =  2  (R  +  a)  .  2a  . 

=  4a*j(l  ♦  A)j  _  51 

By  talcing  the  ratio  of  the  two  areas  given  in  equ.  50  and  51  an  estimate  of  the  attenuation  due 
to  the  presence  of  a  thermal  cell  may  be  given  ast- 

*■„  =  10  log^  ^  4.B 

=  10  log  \  K  / 1  -  a\L(B  _  52 

*  L  wWl 


For  a  value  of  K  =  0.7  and  A  =  0.9997  fro*  equ.  33, 


L  =  40.2  db 
c 


53 


In  aalclng  these  calculations  it  has  been  aasuned  that  the  total  cross-sectional  area  of  the 
radio  bean  in  the  vicinity  of  the  thermal  cells  being  considered  is  very  much  larger  than  the  area 

presented  by  any  one  cell.  In  general  this  condition  is  satisfied  at  a  significant  distance  from 
the  transmitter  source.  In  regions  nearer  the  transmitter,  where  the  area  L^,  becomes  comparable 


with  the  beam  area  the  attenuation  of  loss  V  reduces  considerably.  As  the  area  L_  greatly  exceeds 

C  T 


the  beam  area  the  loss  reduces  to  a  negligible  value 


Simple  calculations  of  the  path  geometry  of 
a  typical  system,  together  with  the  assumption  that  the  average  effective  diameter  of  a  thermal  cell 


is  approximately  400m  will  show  that  the  loss  Lc  would  only  be  of  significance  beyond  the  radio  horison. 


3.3  The  Divergence  due  to  a  Thermal  Cell 


For  any  double  spherical  lens,  the  Lensmaker's  equation  is  given:- 


1  =  (yw-l) 


(i,  +  0 
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and  Re  =  radii  of  curvature  of  the  two  lens  surfaces 

ci 


where  f-  focal  length  (principal  focus) 

Rc, 

=  refractive  index  of  the  lenB  material. 

Applying  this  equation  to  the  thin  slice  of  the  cylindrical  biconcave 
lens  due  to  the  core  of  the  thermal  cell  provides  the  relationships 
where:- 


(/A-l)  =  An 


=  R„ 


=s  Re  for  the  symmetrical  lens. 


1  =  2  AN 
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and  if  Rc  =  1.25a 


2  AN 
1.25a 
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For  a  parallel  boom  directed  along  the  optical  axis  of  a  biconcave  lens  the  emergent  beam  will  be 
divergent  with  the  angle  of  divergence  g  being  determined  from  the  position  of  the  principal  focus. 

For  a  lens  of  diameter  h  ,  principal  focus  f  ,  the  angle  of  divergence  g  for  a  beam  which 


appears  to  emanate  from  the  point  of  focus:- 

h  =  2f  Tan  S 


1  =  2  Tan  b 
f  h 
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combining  the  equ.  55  and  57  gives:- 


2.  AN  =  2  Tan  & 


g  =  Tan'1  h  An 

Rc 

which  for  small  angles  where  Tan  & 

S  =  h  An  _ 

Rc 


becomes 


56 


Applying  the  equ. 56  to  the  core  of  the  thermal  cell  where  Rc  *  1.25a  and 
h  =  2a  for  the  case  where  the  beam  cross-section  diameter  is  very  much 
greater  than  2a  then:- 


%  =  2a An  =  i.6  An. 
1.25a 

-6 

»  1.6.  10.  AN. rad 


laafiasS 


59 


24- 1 3 


The  equ.  58  gives  the  angle  of  divergence  per  thermal  cell  core  where  compression  has  been 
considered.  The  additional  and  minor  divergence  that  will  be  obtained  from  the  peripheral  regions 
between  adjacent  cells  has  not  been  considered.  However,  it  can  be  seen  from  equ.  58  that  the  angle 
of  divergence  does  not  appear  to  be  dependent  upon  the  size  of  the  cell.  For  a  single  thermal  cell 
at  ground  level  with  refractivity  N  values  similar  to  those  already  considered,  the  equ.  58  gives  a 
divergence  per  cell  where 

£  —  60  yu  rads  _  60 

The  approximate  value  of  £  given  in  the  equ.  60  will,  of  course,  reduce  with  altitude  and  as 
a  direct  function  of  the  air  density  .  Also,  it  should  be  appreciated  that  for  the  physical 
dimensions  and  properties  that  have  been  considered  in  respect  of  the  basic  1  thermal  lens'  ,  the 
principal  focus  may  be  at  a  distance  of  some  150  -  250  Km  fiw  the  lens.  However,  it  is  clear  that 
the  narrow  radio  beam  will  experience  distortion  in  the  vertical  plain  as  a  result  of  the  presence  of 
a  thermal  cell  along  the  propagation  path  and  which,  for  the  somewhat  idealised  core,  has  been 
expressed  in  the  form  of  an  attenuation  and  a  divergence.  It  is  equally  clear  that  in  the  more 
realistic  condition,  where  thermal  cells  are  distributed  over  the  entire  length  of  a  transmission 
path,  the  combined  effects  of  successive  divergence  and  attenuation  due  to  an  in-line  array  of  cells 
would  be  considered  equivalent  to  a  significant  degree  of  distortion  in  the  cross-section  of  a  narrow 
beam. 


3.4  Distortion  of  a  narrow  beam  in  an  array  of  thermal  cells 

Where  an  array  of  similar  thermal  cells  is  considered  to  exist  equally  distributed  over  the 
whole  length  of  a  transmission  path  it  is  obvious  that,  for  the  atmospheric  parameters  that  have 
already  been  considered,  both  attenuation  and  divergence  in  a  narrow  beam  will  result.  In  the 
simplest  possible  terms  the  total  vertical  divergence  may  be  estimated  from  the  number  and  the 
intensities  of  the  cells  involved.  In  contrast,  the  attenuation  will  not  be  simple  and  additive 
since  the  progressive  divergence  will  change  the  power  density  distribution  in  the  beam  cross-section 
as  the  propagation  distance  increases. 

An  estimate  of  this  attennuation  may  be  obtained  by  considering  two  biconcave  lens  as  shown  in 
the  Fig.  6. 

If  a  beam,  of  angle  vj  and  from  a  source  (object)  distance  X,  from  the  lens,  emerges  from  the 
divergent  lens  with  a  new  beam  angle  if'  where 

rj'  =  y  +  _  6i 

the  new  beam  will  appear  to  emanate  from  a  source  at  the  image  distance  x'  from  the  lens. 

The  traditional  lens  formula  may  be  applied  to  this  condition  to  give: 

-1  =  1-1  _  62 


Now  if  the  real  transmitter  is  assumed  to  radiate  a  power  P^the  attennuation  or  loss  due  to  a 
single  thermal  cell  core  may  be  evaluated  by  considering  the  areas  which  are  illuminated  by  both  the 
real  and  virtual  sources. 

At  the  first  lens,  as  shown  in  the  ««•  both  real  and  virtual  transmitters  are  assumed  to 


illuminate  the  same  area.  Therefore,  for  the  power  P  at  the  plane  ab  from  the  real 
transmitter  s- 
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Similarly,  in  assuming  that  the  divergence  due  to  the  core  lens  la  equivalent  to  conalderlng 
the  transmitter  moving  to  the  position  of  the  "virtual  source"  P^,  then •  - 

#  f 

V  "  K  PT 


Since  in  the  plane  ab  ,  P  =  P  ,  then  from  equ.  63  and  64:- 

p;=pTf,'t  - 


Also  from  equ.  6 2  :- 


i,  =  *. _ i 


Substitution  equ,  66  in  equ.  66  gives:- 


vH-J 


In  addition,  there  is  a  loss  of  power  associated  vlth  the  effective  change  in  illumination 
areas  in  the  plane  fcde  through  the  axis  of  a  possible  second  core  lens  L2. 

By  assuming  the  relevant  areas  to  be  defined  by  (cd)*  and  (ef)  respectively,  then:- 

i  -faY  _  » 

PT,  W 

Now  the  dimension  ed  =  2  (i,  +  d)  Tan  _  69 

and  the  dimension  ef  =  2  (x[  ♦  d)  Tan  +  2 S  ^ _  70 

Equ.  69  and  70  in  equ,  68  thus  gives :- 

111  =  (x,  d  )  Tan Jf/A  71 

PT ,  (x?  d  )  TaaQ?  ♦  2 &  ^ 

However,  it  has  already  been  established  that  both  y  and  S  are  normally  very  small  and  as  a 
result  the  equ.  71  simplifies  to:- 

7,  =  ]lx.  *  i  )  •  g  —  72 

P}(  |_(x,"  ♦  d  5  (  <f  *  2S)_ 

With  equ.  67  in  equ.  72,  then 


(x?  iXd  )  4  l  y  2S  )  ‘  (f+x,)  ] 


If  a  second  core  lens  Lt  at  an  increased  distance  d  is  to  be  considered  to  produce  the 

m 

equivalent  effect  of  moving  the  original  transmitter  P,j,  to  a  second  virtual  source  Pj,  then  the 

S 

total  power  radiated  Pj  will  be  given:- 

For  the  n  th  transmitter  of  an  array  of  cells  spaced  distance  d  apart. 


In  the  practical  case  it  is  likely  that,  for  an  equally  spaced  array  of  thermal  cells,  the 
terms  (x,  ♦  d)  /  (x'  ♦  d)  are  going  to  be  somewhat  less  than  or  equal  to  unity  and  f  ;S>  x„ 
to  glre  the  acre  practical  reralon  of  aqu*  75  thua:- 


76 


T'  =Pt  (y4n) 

*.  =?T  (tt£| 

V  7. 


Expressing  the  equ.  76  as  a  path  loss  L 


L  =  10  log 


=  10  log 


=  20  n log 
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If  the  array  of  n  cells  are  assumed  to  be  distributed,  with 
equal  spacing  d  ,  over  the  entire  length  of  a  transmission  path  of  total  distance  D  then  D  = 
nd.  The  total  path  loss  due  to  the  presence  of  the  cells  will  thU3  be  given:- 

•dB  _  78 


L  = 
P 


201)  log  ( 1  +  2S"\  .d 

d  V  7/ 


Where  the  angles  S  and  v }  are  such  than  2&/^«tl  then  equ.  78  becomes 

L  -  40D.X. 


2-3  d. ? 

=  17.39  D.S  .  dB  _ 

d.  p 

or  L  =  17.39  &  dB/  Unit  distance  (Km) 
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If  now  values  for  d,  <j  and  &  are  assumed  for  a  particular  system  where:- 
d,  the  distance  between  adjacent  cells  =  400  to  600  a 

O 

rj  •  the  beam  angle  of  the  transmitter  =  1 

&  ,  the  beam  divergence  due  to  each  thermal  cell ,  from  eqn  60  ,  =  60  *.  rad. 
then  the  loss  per  kilometre  of  path  will  be  given,  from  equ  80,  to  be  in 
the  range 

Lp  =  0.0991  to  0.149  dB/km. 


An  average  value  of  Lp  may  thus  be  given  where 
L  =  0.124  db/km 

p  - 


81 


which  is  a  value  typical  of  that  encountered  in  practice. 

Clearly  the  loss  value  of  Lp  given  in  the  equ.  80  does  not  show  any  dependence  upon 
parameters  such  as  the  wavelength  of  the  transmission.  Again,  this  is  in  agreement  with  most 
practical  experience.  Of  course,  this  basic  argument  is  limited  to  the  assumed  ideal  properties 
of  the  'thermal  lens'.  Any  consideration  which  might  be  given  to  the  equivalent  chromatic 
properties  of  the  lens  will  introduce  parameters  which  will  be  sensitive  to  the  transmission 
wavelength. 

Conclusions 

By  conducting  that  which  is  little  more  than  a  modest  geometric  exercise  on  the  physical 
attributes  of  a  basic  circular  or  toroidal  form  of  the  Benard  cell,  it  has  been  possible  to  show 
that  the  radio  refractive  index  distribution  in  such  a  structure  might  be  readily  Identified  in 
almost  any  radio  refractive  index  profile.  By  considering  the  shape  of  the  cell  core,  together  with 
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its  refractive  index  properties,  it  has  also  been  possible  to  shoe  that  the  Benard  cell  nay  introduce 
the  equivalent  of  a  concave  lens  into  a  narrow  radio  beam.  Whilst  the  principal  effects  of  such  a 
lens  are  well  known  in  optics,  similar  effects  have  been  assumed  to  occur  for  the  radio  beam.  For 
the  particular  type  of  cylindrical  concave  lens  considered,  the  resulting  divergence  in  the  vertical 
plane  has  been  used  to  calculate  estimated  values  of  attenuation  due  to  a  single  cell  and  the 
equivalent  of  an  'over-the-horizon'  scatter  loss  due  to  an  array  of  cells.  The  estimates  of  both  of 
these  parameters  are  of  the  same  order  as  those  which  are  encountered  in  practice.  For  the  real 
atmosphere  these  values  will,  however,  be  subject  to  variation  as  both  the  shape,  size  and  refractive 
properties  of  the  cell  core  change  with  prevailing  conditions  and  time.  In  addition,  where  there 
are  arrays  of  thermal  cells  which  are  in  continual  movement  as  a  result  of  external  mechanical  forces 
due  to  winds  etc.,  the  distortion  to  which  a  narrow  beam  may  be  subjected  will  be  in  continual  change 
to  cause  fading. 

In  summary,  the  presence  of  arrays  of  thermal  cells  which  exist  in  various  forms  over  the  whole 
of  the  surface  of  the  planet  must  be  considered  significant  to  the  mechanisims  of  propagation  in  the 
tropospheric  medium.  The  recognition  of  the  effects  of  such  cells  on  a  narrow  beam  bIbo  allows  an 
appreciation  of  such  parameters  as  antenna-medium  coupling  loss  and  suggests  that  there  is  an 
optimum  value  for  the  beam  width  of  an  antenna  designed  for  a  tropospheric  radio  system  to  operate  in 
a  given  environment. 
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DISCUSSION 


K.D.  Anderson  (U.S.):  This  was  an  interesting  paper.  However,  was  the  cell  thickness  about  400  meters? 

W.G»  Burrows  (U • K . ) :  I  have  used  a  cell  of  “average  size"  for  the  purpose  of  my  paper.  The  “average  size“ 
is  assumed  to  be  about  400  meters,  outside  diameter,  in  the  horizontal  plane.  It  is  about  200  meters  high 
or  deep.  The  full  range  of  all  cell  sizes  is,  however,  known  to  extend  from  a  few  meters  to  a  few 
kilometers  in  diameter. 

I.  Anderson  (U.K.):  The  antenna  to  medium  coupling  loss  has  always  been  a  complex  concept  in  conventional 
tropospheric  theories.  The  simplest  model  is  a  sequence  of  lenses  for  a  beam  waveguide.  The  loss  is  a 
mismatch  of  the  antenna  beam  and  modes  within  the  waveguide. 

W.G.  Burrows  (U.K.):  The  cell  structure  is  sensible  if  you  launch  a  wave  into  an  array  or  a  beam 
structure.  It  corresponds  to  an  array  of  cells  along  the  surface,  or  also  an  upward  array  of  cells  formed 
with  the  wave  motion  of  the  heat  transfer  process. 


I 

o 

< 


ANOMALOUS  PROPAGATION  AND  RADAR  COVERAGE 
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ABSTRACT 

"~~~i>A  method  is  outlined  which  enables  radar  coverage  predictions  to  be  made  under 
anomalous  propagation  conditions.  Spatial  and  temporal  changes  in  the  height  and 
strength  of  refractive  layers  in  the  troposphere  are  known  to  compromise  radar 
coverage.  Refractive  layers  may  create  coverage  voids  by  diverting  rays  and  may 
introduce  anomalous  clutter  and  range  height  errors  in  radar  systems.  In  this  paper, 
elements  of  meteorology,  atmospheric  boundary  layer  physics,  and  electromagnetic  wave 
propagation  are  combined  to  investigate  the  effect  of  inhomogeneous  refractive  layers 
on  radar  coverage,  v 

A  computer  program  called  EMPE  (Electromagnetic  Parabolic  Equation)  has  been 
developed  to  aid  in  these  investigations.  A  special  feature  of  EMPE  is  its  ability  to 
deal  with  inhomogeneous  atmospheric  changes  in  both  the  horizontal  and  vertical 
directions.  Predictions  for  anomalous  wave  behavior  have  been  made  for  frequencies 
from  100  MHz  to  10  GHz.  The  results  are  relevant  to  a  variety  of  microwave 
electromagnetic  systems  such  as  those  used  for  communications,  radar,  and  aircraft 
instrument  landing.^ 
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INTRODUCTION 

Severe  compromises  in  radar  coverage  in  coastal  regions  may  occur  because  of  the 
effect  of  refractive  layers  resulting  from  surface  thermal  and  topographic  influences 
on  lower  atmospheric  circulation.  Not  to  be  confused  with  the  well-known  coastline 
effect,  which  is  due  to  the  change  of  surface  impedance  at  the  land-sea  interface, 
these  anomalous  propagation  problems  are  due  to  the  establishment  of  an  internal 
atmospheric  boundary  layer  during  the  land-sea  breeze  cycle.  Boundary  layer  creation 
leads  to  alterations  in  the  strength  and  height  of  anomalous  refractive  layers,  such  as 
the  maritime  surface  due-  or  elevated  duct.  In  order  to  arrive  at  an  understanding  of 
the  resultant  radar  problems,  elements  of  meteorology,  atmospheric  boundary  layer 
physics,  and  electromagnetic  wave  propagation  in  both  horizontally  and  vertically 
inhomogeneous  media  need  to  be  combined.  This  paper  describes  the  results  of 
simulations  which  have  predicted  spatial  and  temporal  variations  in  the  refractive 
index.  These  results  are  employed  in  calculations  of  electromagnetic  propagation  in 
inhomogeneous  environments.  Thus,  a  methodology  is  introduced  to  study  radar  coverage 
voids,  range  height  errors  and  anomalous  clutter  in  a  maritime  coastal  environment. 


BOUNDARY  LAYER  ALTERATION  OF  ELEVATED  DUCTS 

In  a  coastal  region,  thermal  and  mechanical  effects  can  influence  the  tropospheric 
circulation  and  distribution  of  moisture,  thereby  affecting  the  electromagnetic  index 
of  refraction.  Important  mesoscale  meteorological  flows  of  concern  are  the  land  and 
sea  breezes.  The  land  and  sea  breezes  are  phenomena  generally  experienced  when  the 
land  is  subjected  to  considerable  heating,  and  a  large  temperature  differential 
develops  between  land  and  water.  The  juxtaposition  of  contrasting  thermal  environments 
results  in  the  development  of  horizontal  pressure  gradient  forces  that,  if  sufficient 
to  overcome  the  retarding  influence  of  friction,  will  cause  air  motion  across  the 
boundary  between  the  surfaces.  The  driving  force  behind  the  land  and  sea  breeze 
circulation  system  is  the  contrasting  thermal  response  of  land  and  water  surfaces  to 
the  solar  heating  cycle. 

The  land-water  temperature  differences  and  their  diurnal  reversal  (by  day,  land 
wanner  than  water;  at  night,  land  cooler  than  water)  produce  corresponding  land-water 
air  pressure  differences.  These  differences  in  turn  result  in  a  system  of  breezes 
across  the  shoreline  that  reverses  its  direction  between  day  and  night.  The  daytime 
sea  breeze  circulation  has  a  greater  vertical  and  horizontal  extent,  and  its  wind 
speeds  are  higher  than  those  in  the  nocturnal  land  breeze.  During  the  sea  breeze,  the 
cooler  and  more  humid  sea  air  advects  across  the  coast  and  wedges  under  the  warmer  land 
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air.  The  advancing  sea  breeze  front  produces  uplift  in  what  is  already  an  unstable 
atmosphere  over  the  land.  The  stable  marine  air  is  warmed  over  the  land,  producing  a 
more  unstable  internal  boundary  layer  that  grows  in  depth  with  time  and  distance  from 
the  shore.  The  nature  of  uplifting  of  anomalous  refractive  layers  can  be  visualized 
with  the  aid  of  Figure  1,  which  is  a  stylized  representation  of  the  daytime  sea  breeze 
condition.  The  curves  illustrate  the  spatial  change  of  the  internal  boundary  layer 
whose  height  grows  slowly  with  inland  distance.  The  height  of  the  boundary  layer,  H0, 
can  be  calculated  at  each  horizontal  position,  x,  from  the  formula 

HB  =  z.,10.75  +  0.03  ln(Zj/z2) ] (x/z2> 0-8 

where  z ^  and  z2  are  the  upwind  (water)  and  downwind  (land)  surface  roughness  lengths, 

respectively.1  This  is  an  empirical  relationship  that  has  been  found  to  be  in 
reasonable  agreement  with  measurements  at  various  locations  worldwide.  As  air  passes 
from  one  surface  type  to  a  new  and  meteorologically  different  surface,  it  must  readjust 
itself  to  a  new  set  of  boundary  conditions.  Therefore,  two  boundary  layers  are  shown 
in  Figure  1:  Layer  A  for  the  sea-land  surface  transition,  and  Layer  B  for  the 

sand-mountain  surface  transition.  Boundary  Layer  A  uses  z^  =  10  1  centimeters  (water) 
and  z2  =  5  x  10  centimeters  (sand)  and  z2  =  10  centimeters  (mountains) . 

The  computed  variations  in  the  index  of  refraction  caused  by  the  atmospheric 
layers  are  illustrared  in  Figure  1  as  vertical  profiles  of  M.  At  Position  1,  the 
presence  of  an  elevated  duct  is  indicated  by  the  negative  gradient  of  M  and  the  local 
minimum  M  value  at  a  height  of  about  700  meters.  By  the  time  the  sea  breeze  penetrates 
100  kilometers  inland,  the  boundary  layer  uplifts  the  elevated  duct  to  1400  meters  for 
Boundary  Layer  A,  or  to  1800  meters  for  Boundary  Layer  B.  Precisely  which  boundary 
layer  applies  is  open  to  question  because  of  the  stylized  nature  of  this  M  data 
extrapolation.  Figure  1  is  used  here  only  for  illustrative  purposes.  Nevertheless,  it 
is  clear  that  electromagnetic  wave  propagation  (e.g.,  from  a  site  at  2000-meter 
elevation  in  the  mountains  (Position  4]  looking  out  to  sea)  can  be  complicated  by 
horizontal  as  well  as  vertical  inhomogeneities  in  refractivity .  A  method  to  compute 
electromagnetic  propagation  in  such  an  environment  is  described  below. 


THE  PARABOLIC  APPROXIMATION  FOR  INHOMOGENEOUS  PROPAGATION 

When  inhomogeneities  in  the  dielectric  constant  are  considered  as  varying  both  in 
the  vertical  and  horizontal  directions,  Maxwell's  equations  for  propagation  in  the 
troposphere  are  generally  non-separabl e  and  difficult  to  solve  analytically.  Cho  and 
2 

Wait  have  approached  this  problem  numerically  via  coupled  mode  analysis  using  a 
cylindrical  earth  model  arid  m  infinite  line  source;  horizontal  inhomogeneities  are 
considered  by  assuming  hor  i  •  mtally  piecewise  uniform  media.  Modal  analysis  tends  to 
be  difficult  with  computer  cost  limiting  convergent  answers  to  simple  refractive 
changes. 

A  well-known  approximation,  the  "parabolic  approximation",  was  obtained  by 

Leontovich  and  Fock  in  19463  for  propagation  in  a  vertically  inhomogeneous, 
horizontally  homogeneous  atmosphere  over  a  spherical  earth.  An  extension  of  this, 
approach  for  a  horizontally  and  vertically  inhomogeneous  atmosphere  has  been  made’; 
this  begins  with  the  spherical  earth  geometry  shown  in  Figure  2.  The  inhomogenei*  ies 
in  the  atmospheric  dielectric  constant,*  ,  are  modeled  in  terms  of  variations  in  the 
radial  and  polar  angle  directions,  *  =  e(r,0).  Azimuthal  symmetry  in  e  is  assumed 
about  the  origin  of  the  field  situated  at  the  pole.  The  consequence  of  assuming 
azimuthal  symmetry  is  that  the  variations  in  the  atmospheric  dielectric  constant  are 
limited  to  two  dimensions;  in  a  practical  sense  this  assumption  greatly  simplifies  the 
mathematics.  In  the  geometry  shown  in  Figure  2,  the  source  field  is  assumed  to 
originate  from  a  raised  vertical  electric  dipole  (VED)  situated  at  the  pole;  this 
assumption  also  is  for  mathematical  simplification.  The  resultant  approximate  equation 
governing  propagation,  however,  will  be  the  same  if  a  vertical  magnetic  dipole  ( VMD) 
source  were  assumed;  only  the  boundary  conditions  to  be  satisfied  at  the  earth's 
surface  will  differ. 

_  Because  of  the  VED  source  and  the  assumed  symmetries,  only  the  vector^ f ield ,  E  , 
Eg,  and  H^,  exist.  One  a  scalar  equation  for  the  magnetic  field,  fU,=  H(r,d)l^,  by  r 
combining  Maxwell's  equations  to  eliminate  the  electric  fields:  v 

-*■ 

-  V  X  V  X  II  +  W2LCH  =  -  7  x  (VxH) .  (2) 

The  magnetic  permeability,  m  ,  is  constant,  and  the  electric  field  can  be  obtained 
similarly.  Generally,  one  is  interested  in  examining  variations  in  the  fields  which 
are  relatively  long  compared  to  wavelength.  One  expects  that  along  the  earth's  surface 
in  the  horizontal  direction  from  the  source,  the  fields  will  oscillate  like  e1  s  (where 
k,  the  wavenumber,  equals  2 ir/\)  .  A  convenient  substitution  that  factors  out  rapid 
Oscillating  behavior  as  well  as  large  variations  near  the  source  (  a  linear  trend  in 
radius)  is  obtained  in  terms  of  an  attenuation  function  U(r,tf)  defined  by 


(3) 
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Hero  k  2  =  iu2M«(a,0) 
earth's  surface,  r  = 


H (r , G ) 


=  Utr-'6.l  sine  -1/2r1elk0ae 


=  (j  iitg  is  the  square  of  the  electromagnetic  uavenumber  of  the 

Cl  . 


A  good  deal  of  mathematics  ensues  as  Equations  (2)  and  (3)  are  combined  into  a 
propagation  equation  for  which  is  an  elliptic  differential  equation  in  the 

horizontal  and  vertical  directions.  A  first  approximation  to  this  equation  may  be 
obtained  for  typical  variations  of  e  in  the  troposphere,  where  gradient  scale  lengths 
are  long  compared  to  a  wavelength.  ThenU(r,fi)  is  found  to  a  good  approximation  to  be 
given  by 

j2U  .  2lk0  3U  .  .2  fe(h,6)  -  £f)  .  2h 

3h2  a  30  0  [  c0 

This  is  a  parabolic  differential  equation  that  is  second  order  in  the  vertical 
direction  and  first  order  in  the  horizontal  direction. 


In  obtaining  Equation  (4) ,  the  radial  coordinate  has  been  transformed  into 
h  =  r-a,  where  h  is  the  height  above  the  earth's  surface.  The  effect  of  the 
atmospheric  inhomogeneities  are  contained  in  t(h,0).  If  the  horizontal  direction  along 
the  earth's  surface  is  defined  as  s  =  ati ,  Equation  (4)  can  be  thought  of  as  representing 
propagation  above  a  flat  earth.  The  effect  of  a  spherical  earth  is  accounted  tor  by  an 
effective  linear  gradient  in  the  index  of  refraction,  2h/a;  this  approximation,  using  a 
linear  gradient,  is  good  for  tropospheric  altitudes  h  ■>.  a.  The  treatment  of  a 
spherical  earth  by  means  of  a  linear  gradient  is  conveniently  handled  by  converting  the 
refractivity  index,  N,  into  the  modified  refractivity  index,  M,  defined  as: 

M  =  N  +  0.157h,  where  h  is  in  feet.  (5) 


The  conditions  that  must  be  satisfied  so  that  the  original  elliptic  equation  may 
be  approximated  by  the  parabolic  Equation  (4)  are  summarized  as  follows 
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5)jl  with  the  radii  of  curvature  of  rays  resulting 
from  horizontal  and  vertical  variations  in  e,  then  Conditions  (a)  and  (d)  require  that 
these  radii  be  large  compared  with  a  wavelength.  That  is,  the  horizontal  and  vertical 
variation  in  e  must  be  reasonably  slow;  for  situations  of  interest  in  this  article, 
this  requirement  holds.  Condition  (b)  implies  that  reasonable  values  will  be  obtained 
for  distances  greater  than  100  wavelengths  from  the  source.  Finally,  Condition  (c) 
requires  that  the  propagation  be  relatively  oblique;  that  is,  that  rays  be  launched 

with  low  grazing  angles  (£20°). 5 


Solutions  to  the  parabolic  equation  will  be  obtained  if  the  initial  source  field 
is  specified  and  the  values  of  the  field  at  the  earth's  boundary  surface  and  ionosphere 
are  properly  defined.  For  simplicity,  a  nonreflecting  or  fully  absorbing  boundary  is 
assumed  at  the  ionosphere.  For  the  surface  boundary  conditons,  a  smooth-conducting 
earth  is  assumed;  further,  it  is  reasonable  to  assume  that  the  skin  depth  of  radiation 
within  the  earth  is  small  compared  to  the  earth's  radius  of  curvature.  In  that  case, 

the  earth’s  curvature  can  be  ignored  and  Leontovich's  impedance  boundary  condition6  may 
be  applied.  If  n  is  the  complex  dielectric  constant  of  the  earth,  the  boundary 
condition  on  U(r,7»  will  be  satisfied  for  a  VED  if 


3U 

3r 


ike 

_ _s 


0,  at  r  =  a. 


For  a  VMD  source,  the  boundary  condition  on  l)(r,0)  will  be 


(0) 


r—  +  ik  /n  U  =  0,  at  r  =  a. 
o  r  s 


(7) 


Practically  speaking,  vertical  symmetric  and  antisymmetric  solutions  for  U  above 
the  surface  must  be  combined  to  satisfy  either  Equation  (6)  or  Equation  17).  However, 
if  the  earth’s  surface  is  approximated  by  a  perfect  conductor,  Equations  (6)  and  (7) 
reduce  to  the  requirement  that  either  dU/Ar  =0  (VED)  or  U  =  0  (VMD)  at  the  surface. 

In  those  cases,  one  need  obtain  only  symmetric  (VED)  or  antisymmetric  (VMD)  vertical 
solutions  about  the  surface,  and  these  boundary  conditions  are  automatically  satisfied. 
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A  number  of  numerical  techniques  exist  for  solving  the  parabolic  equation.  One 
techinque  that  uses  the  computation  speed  of  the  Fast  Fourier  Transform  is  the 
split-step  Fourier  algorithm  developed  by  Hardin  and  Tappert.  The  basis  of  the 
split-step  algorithm  is  illustrated  in  Figure  3.  A  source  field  that  satisfies  the 
appropriate  boundary  condition  is  assumed  to  be  known  as  a  function  of  altitude,  h,  at 
an  initial  range  step,  sQ.  An  approximate  solution  to  the  parabolic  equation  for  all 
altitudes,  h,  at  a  greater  range,  s.  +  “S  may  be  generated  by  first  obtaining  the 
Fourier  transform,  i//(p,s),  of  the  source  field  distribution  in  the  vertical  direction, 
h,  with  the  assumption  that  the  effective  propagation  constant  k  is  relatively  constant 
over  a  small  step  size: 


— p2 V  +  2ik„  +  k2 ^  =  0. 

0  3s  ( 8 ) 

Equation  (8)  is  first  order  in  the  horizontal  direction  and  is  exact  if  k  is  constant. 
For  k  varying,  an  updated,  approximate  solution  to  the  field  at  s„  +  is  obtained  by 
an  inverse  Fourier  transform  where  the  variation  in  the  propagation  constant  is  applied 


outside  the  inverse  transform: 

30 


Hh,sn  ♦  As)  =  eikAs/2FT-l[e-iAsp  /2k,  ,(P(Sq)](  (9> 


where  p  is  the  transform  variable.  This  procedure  is  illustrated  in  Figure  3.  The 
error  in  this  approximate  solution  varies  to  some  power  of  the  step  size,  and  stable 
solutions  are  obtained  with  stability  generally  depending  on  step  size.  The  solution 
for  the  fields  for  arbitrary  ranges  are  obtained  in  an  identical  manner  for  each  step 
by  using  the  field  solution  at  each  new  range  step  as  the  initial  condition  for 
generating  the  solution  at  the  subsequent  range  step.  For  this  numerical  solution,  two 
Fast  Fourier  Transforms  are  required  for  each  step. 

A  computer  program  called  EMPE  (Electromagnetic  Parabolic  Equation)  has  been 
developed  based  on  these  principles  to  allow  propagation  loss  to  be  computed  in 
horizontally  and  vertically  inhomogeneous  atmospheres.  Predictions  for  anomalous  wave 
behavior  have  been  made  for  frequencies  from  100  MHz  to  10  GHz.  Vertical  profiles  of 
refractivity  are  entered  at  any  distance  downrange  from  the  antenna.  Each  refractivity 
profile  may  be  of  arbitrary  complexity.  Antenna  parameters  such  as  beam  pattern, 
beamwidth,  and  elevation  angle  are  stipulated  as  required.  Various  computer  output 
plots  and  tables  give  the  propagation  loss. 


ELEVATED  DUCTING  LAYERS 


An  example  of  this  computation  is  given  in  Figure  4  which  is  a  coverage  diagram  of 
transmission  loss  in  dB  relative  to  one  meter,  geometrically  plotted  in  range-height 
coordinates.  The  legend  for  these  types  of  diagrams  is  given  as 

dB  70  80  90  100  110  120 

Symbol  •«««  KKK*  XXXX  ++++  .... 


and  the  90-dB  levels  are  outlined  for  the  sake  of  comparison  with  other  cases.  An 
antenna  at  7200  ft.  height  with  zero  degree  elevation  angle,  two-degree  vertical 
beamwidth,  horizontal  polarization,  and  sinx/x  pattern  is  used  at  600  MHz  to  propagate 
into  a  standard  atmosphere.  The  earth's  surface  is  perfectly  conducting.  General 

features  which  are  clearly  visible  are  the  antenna  pattern,  r  loss  away  from  the 
antenna,  and  constructive  and  destructive  interference  patterns  caused  by  energy 
reflected  off  the  earth's  surface.  Note  the  clearly  visible  regions  outside  the 
antenna  beamwidth  and  the  over-the-horizon  shadow  region. 


Figure  5  gives  the  coverage  diagram  for  a  more  complex  situation.  Here,  the  same 
antenna  is  now  propagating  into  a  situation  closely  mimicking  the  tropospheric 
conditions  of  Figure  1:  a  curving  elevated  duct.  Initially,  over  the  antenna 
position,  the  elevated  duct  is  above  the  antenna  at  a  height  of  7400  ft.,  drops  to  a 
height  of  2200  ft.  at  a  range  of  64  nm,  and  remains  at  220  ft.  to  beyond  250  nm  range. 
The  initial  M  deficit  for  the  elevated  duct  over  the  antenna  position  is  136  M  units. 
Figure  5  shows  that  large  continuous  voids  (120  dB) ,  not  formerly  present  in  the 
standard  atmosphere  case,  are  located  near  the  antenna  just  above  the  elevated  duct, 
and  at  increasingly  higher  elevations  away  from  the  antenna,  even  above  the  normal 
line-of-sight .  Thus,  severe  compromises  in  vertical  coverage,  not  predicted  by 
homogeneous  propagation  calculations,  are  revealed. 


A  comparisog  of  EMPE  calculations  with  elevated  duct  propagation  measurements 
reported  in  Kerr°  is  shown  in  Figures  6  and  7.  The  measurements  were  performed  in  1944 
by  the  Naval  Electronics  Laboratory  at  San  Diego.  Transmitters  at  100  ft.  were  used  at 
wavelengths  of  4.8  m  and  1.8  m,  and  57  cm  and  9  cm.  The  horizon  is  10.6  nmi  in  this 
case.  Vertical  profiles  from  the  surface  to  500  ft  altitude  were  taken  out  to 
distances  of  124.3  nmi.  Figures  6  and  7  show  that  the  elevated  M  inversions  taken  on 


two  days  of  interest  are  horizontally  inhomogeneous.  In  Figure  6,  the  inversion  has 
the  nature  of  an  elevated  duct  near  the  transmitter  but  changes  to  a  surface  duct  70.4 
r.mi  downrange.  Linear  interpolation  of  the  M-profiles  at  ranges  between  these  shown  is 
used  for  the  EMPE  calculations.  In  Figure  6,  the  data  clearly  show  trapped  energy  in 
the  shadow  region  beyond  the  horizon.  At  32.2  nmi,  there  is  excellent  agreement 
between  the  EMPE  calculations  and  the  measurements.  Further  interpretation  is  not 
warranted  here  because  of  the  uncertainty  in  the  antenna  beamwidth,  and  the  exact 
M-profile  structure.  In  Figure  7,  the  elevated  inversion  retains  an  elevated  duct 
structure  downrange  from  the  antenna.  Given  these  above  uncertainties  ,  there  is  still 
a  predicted  concentration  of  energy  about  the  duct  elevation  at  57  cm  wavelength. 
Generally,  however,  there  is  less  agreement  between  EMPE  and  the  measurements  in  this 
case . 


SURFACE  DUCTING 

An  extensive  series  of  propagation  loss  measurements  in  the  surface  duct 
environment  were  performed  by  the  Naval  Research  Laboratory  at  Antigua,  British  West 
Indies  in  the  Spring  of  1945.  Wavelengths  of  3  and  9  cm  were  used  with  transmitters  at 
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lb  and  46  ft  on  a  tower  at  water's  edge.  '  If  the  reported  M-profile  with  a  duct 
height  of  about  50  ft  is  considered  horizontally  homogeneous,  the  resultant  EMPE 
coverage  diagram  is  displayed  in  Figure  8.  Here  the  3-cm  energy  is  clearly  trapped 
and  ducted  to  great  range.  Note  that  a  steady  falloff  rate  with  range  is  predicted  for 
elevations  near  the  surface,  but  that  undulations  are  clearly  seen  at  heights  of  about 
40  ft  and  higher.  An  example  of  how  the  complexion  of  coverage  can  change  with  a 
horizontally  inhomogeneous  surface  duct  is  shown  in  Figure  9.  The  original  surface 
duct  height  is  allowed  to  diminish  at  a  rate  of  0.49  ft/nm  out  to  a  range  of  45  nm, 
when  it  is  thereafter  held  constant  at  a  height  of  30  ft.  The  surface  M  value  is 
reduced  at  a  rate  of  0.17  M/nm  cut  to  150  nm  in  accordance  with  our  boundary  layer 

modeling  procedures.^  This  progressively  weaker  duct  allows  energy  to  be  trapped 
initially  near  the  antenna,  but  duct  leakage  is  seen  away  from  the  surface  downrange. 
Note  in  comparison  to  Figure  8,  that  the  90-dB  level  extends  to  only  100  nmi  near  the 
surface,  and  that  packets  of  90  dB  energy  are  found  above  the  duct  up  to  100  ft 
altitude.  In  the  duct  beyond  100  nmi  a  faster  falloff  of  energy  is  seen  to  exist  in 
Figure  8  near  the  surface  than  in  the  homogeneous  duct  case.  Also,  at  heights  of  about 
100  ft.,  larger  undulations  in  energy  are  seen.  The  difference  in  falloff  rates 
between  the  homogeneous  and  inhomogeneous  ducts  can  be  seen  with  the  aid  of  Figure  10 
for  the  heights  of  30  and  100  ft.  Clearly,  the  falloff  rate  varies  according  to  the 
type  of  duct  environment  present  and  the  height  chosen  for  examination. 

EMPE  results  are  compared  with  the  measured  Antigua  data  at  the  3  cm  wavelength  in 
Figure  11.  The  data  taken  on  8  days  from  the  16  ft.  transmitter  to  14  ft.  receiver  are 
shown  as  dots  in  this  figure.  The  difference  in  falloff  rates  computed  by  EMPE  are 
shown  for  the  standard  atmosphere,  homogeneous  duct,  and  inhomogeneous  duct  cases.  The 
free-space  falloff  rate  is  also  shown.  At  ranges  out  to  50  nmi,  both  duct  types  seem 
to  give  EMPE  results  which  are  favorable  with  the  data.  However,  beyond  50  nmi,  the 
EMPE  result  for  the  inhomogeneous  duct  gives  a  distinctively  better  agreement  than  the 
homogeneous  duct  result.  Data  for  the  9-cm  wavelength  measurements  are  shown  in  Figure 
12  for  the  46-ft  transmitter  and  94-ft  receiver.  Again,  the  EMPE  result  for  the 
inhomogeneous  duct  model  derived  from  the  original  M-profile  gives  the  bettor 
agreement.  Figures  11  and  12  demonstrate  the  imi  rtance  of  inhomogeneous  duct  modeling 
capabilities  when  analyzing  actual  ducting  situations.  They  show  the  necessity  for 
detailed  meteorological  measurements  when  scientific  analysis  is  required  for 
propagation  loss  investigations. 


SUMMARY 

Several  important  aspects  of  behavior  in  th'  anomalous  environment  are  predicted 
and  given  in  analyzable  form  by  the  EMPE  approach: 

•  Specific  values  for  propagation  loss  are  given  everywhere,  particularly  in 
surface  or  elevated  ducts.  Transmitters  may  be  of  any  beamshape .  The 
refractivity  profiles  may  be  range-dependent  and  of  arbitrary  complexity. 


•  Peculiar  downrange  behavior  is  allowed  for  horizontally  inhomogeneous 
situations.  For  example,  rays  not  initially  trapped  can  be  trapped 
downrange;  energy  can  leak  out  of  surface  or  elevated  ducts;  initially 
trapped  rays  can  "burn"  out  of  a  duct. 

•  Excessive  energy  can  be  observed  to  be  diverted  away  from  normal  coverage 
areas,  resulting  in  coverage  holes  and/or  and  excessive  clutter. 

•  Situations  can  be  analyzed  for  antennas  within  or  far  away  from  anomalous 
refractive  layers. 

•  The  code  allows  computation  to  be  usually  accomplished  in  a  few  minutes 
giving  the  promise  of  a  near-real-time  analysis  or  predictive  capability. 
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Presently,  the  EMPE  approach  is  providing  great  insights  for  the  behavior  of 
electromagnetic  systems  under  anomalous  propagation  conditions.  The  results  are  used 
to  illustrate  a  variety  of  problems  which  impact  technical  design,  tactical  planning, 
and  operational  procedures.  Future  improvements  to  the  EMPE  code  will  allow  a  wider 
variety  of  analysis  products  to  be  made  available,  and  an  enhanced  understanding  of 
complex  situations  to  be  accomplished. 
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DISCUSSION 


S.  Rotheram  (U.K.):  I  have  some  queries  about  the  algorithms  used  in  this  very  interesting  work.  How 
does  it  relate  to  the  parabolic  equation  methods  used  in  underwater  acoustic  propagation  over  the  last  15 
years,  e.g.,  Tappert's  split  step  algorithm  or  the  work  of  McDonald?  How  are  the  boundary  conditions  at 
the  earth's  surface  handled?  Can  rough  surface  effects  be  included?  How  big  is  the  computer  code,  and 
what  are  typical  run  times? 

H.W.  Kd  (U.S.):  This  method  is  analogous  to  the  acoustic  parabolic  methods.  In  fact,  the  parabolic 
equation  acoustic  code  had  its  origins  in  work  which  described  e 1 ectromagnet i c  propagation  through  the 
ionosphere.  At  the  present  time,  our  boundary  is  perfectly  conducting  and  smooth.  We  will  shortly 
incorporate  finitely  conducting  boundaries.  Within  one  year  we  will  also  incorporate  a  rough  surface. 

K.D.  Anderson  (U.S.):  1)  From  the  Antigua  measurements,  did  you  have  any  data  to  calculate  the  evaporation 

duct  with  respect  to  range,  or  did  you  model  the  structure? 

2)  The  so-called  "radar  hole"  does  not  seem  to  be  observed  in  measurements.  Do  you  have  any 
comments? 

H.W.  Ko  (U.S.):  I)  Meteorological  data  were  supplied  from  only  one  station  near  the  transmitter.  Therefore 
we  used  our  modelling  procedures  to  obtain  different  N  profiles  down-range. 

2)  At  X-band,  our  results  show  a  large  hole  for  the  homogeneous  duct.  However,  when  the 
Inhomogeneous  duct  Is  used,  the  hole  is  filled.  At  S-band,  virtually  no  hole  was  seen  for  either 
homogeneous  or  inhomogeneous  ducts. 

J.W.  Sari  (U.S.):  This  is  only  a  comment.  With  regard  to  K.D.  Anderson's  comment  that  there  seems  to  be 
a  lack  of  very  deep  propagation  loss  above  surface  ducts,  this  lack  may  be  the  result  of  scattering  from 
a  rough  sea  surface.  At  the  present  time,  our  code  does  not  include  rough  surface  scattering.  Presumably, 
our  current  predictions  of  large  propagation  losses  will  be  modified  when  a  rough  surface  ?s  included. 
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SUMMARY 


The  BBC  is  reviewing  the  results  of  its  past  propagation  experiments  and  survey  measurements 
with  the  aim  of  refining  its  prediction  methods,  hence  the  data  which  formed  a  substantial  contribution 
to  Recommendation  370  of  the  CCIR  are  being  re-examined.  This  paper  reveals  the  problems  facing  the 

review.  It  refers  to  the  background  of  the  BBC's  involvement  in  propagation  measurement  at  VHF  and  OHF. 
Weaknesses  in  the  original  data  are  discussed  with  a  view  to  improving  specifications  for  future  work. 
The  accuracy  of  prediction  is  related  to  the  accuracy  of  measurement  as  illustrated  by  an  experiment 
dating  to  the  development  period  of  an  interim  BBC  prediction  method  for  UHF,  and  the  accuracy  of  the 
current  path  loss  prediction  method  is  discussed.  Possible  directions  of  future  development  in 
prediction  methods  are  indicated  and  the  objectives  of  the  BBC's  research  in  this  area  are  outlined. 


1 .  INTRODUCTION 

Efficient  allocation  of  the  radio  spectrum  for  communication  depends  upon  the  accuracy  of  field 
strength  prediction.  Comprehensive  measurements  designed  to  investigate  a  particular  propagation  path 
must  be  the  best  evidence  for  planning,  but  for  complete  radio  systems  -  such  as  a  network  of  broadcasting 
stations  -  the  amount  of  work  needed  to  determine  transmitter  frequencies  and  operating  characteristics 
prohibits  such  an  approach.  The  service  area  of  a  broadcast  station,  which  may  have  a  range  of  up  to 
100  km,  can  be  determined  by  measurement,  but  the  effects  of  interference  from  distant  stations,  often 
involving  the  assessment  of  fading  signals  over  long  propagation  paths,  must  be  predicted.  Internationally 
adopted  techniques,  such  as  those  which  form  CCIR  Recommendation  370  (CCIR,  1982)  therefore  provide  an 
essential  basis  for  planning.  They  are  simple  to  use,  a  considerable  asset  in  often  complex  international 
negotiations,  and  it  is  a  tribute  to  this  particular  Recommendation  that  it  has  been  in  extensive  use 
for  planning  purposes  throughout  the  World  for  over  20  years. 

There  are,  however,  two  reasons  for  questioning  the  continued  use  of  Recommendation  37°  ih  its 
present  form  -  a  series  of  propagation  curves  used  in  conjunction  with  various  correction  factors. 

Firstly,  there  is  criticism  about  some  of  the  corrections.  Shortcomings  in  this  regard  are  partly 
due  to  the  fact  that  originally  there  was  inadequate  measurement  evidence  upon  which  to  base  a  comprehensive 
prediction  system,  and  as  information  has  emerged  over  the  years  various  ad  hoc.  solutions  ha.ve  been 
adopted  to  fill  the  gaps.  Secondly,  the  rapid  development  of  computer  systems  over  the  past  thirty 
years  has  provided  the  means  whereby  more  intricate  field  strength  calculations  cam  be  undertaken. 

Because  such  methods  can  take  account  of  the  unique  features  of  each  propagation  path  they  offer  much 
greater  accuracy  than  can  be  achieved  using  statistical  propagation  curves.  Of  course,  the  full 
realisation  of  such  techniques  demands  a  great  deal  of  data,  and  there  are  many  barriers  to  be  overcome 
before  they  could  be  adopted  internationally.  Nevertheless,  the  benefits  are  considerable,  and  they 
must  be  taken  into  account. 

For  many  years  the  Research  Department  of  the  BBC  has  been  active  in  propagation  work,  particularly 
concentrating  on  frequencies  within  the  range  3°  -  100°  MHz,  which  have  been  extensively  developed  for 
broadcast  services  since  1946.  A  great  many  field  strength  measurements  have  been  made,  some  of  them 
forming  part  of  research  studies  designed  to  obtain  propagation  statistics,  others  made  in  the  course  of 
planning  and  operating  the  BBC's  transmitter  networks.  In  the  case  of  the  propagation  studies,  there 
was  intensive  activity  in  the  period  prior  to  the  ITU  Conference  held  in  Stockholm  in  1961,  at  which  the 
European  plans  for  broadcasting  in  the  VHF  and  UHF  bands  were  agreed  (ITU,  1 961 ) .  Evidence  from  the  BBC 
propagation  experiments  and  from  other  United  Kingdom  authorities  (Jowett,  Meadows,  Rowden,  1963) 
formed  a  significant  contribution  to  the  technical  data  used  at  the  Conference,  and  the  propagation  curves 
then  produced  subsequently  formed  the  basis  of  CCIR  Recommendation  370  (CCIR,  1961).  It  was  clear, 
however,  that  these  curves  could  only  provide  a  first  estimate  of  field  strength  values  -  adequate  for 
the  all-important  international  negotiations.  More  precise  methods  would  be  needed,  and  the  BBC 
intensified  its  research  into  the  subject.  The  importance  of  the  project  was  emphasized  in  1964  by  the 
introduction  of  the  UHF  television  service  in  the  U.K.  It  looked  as  though  this  would  need  something 

like  1000  transmitting  stations  if  national  coverage  was  to  be  achieved,  and  each  would  be  required  to 
transmit  four  programmes.  In  view  of  the  fact  that  the  Stockholm  Plan  contained  provision  for  only  64 
U.K.  high-power  stations,  it  was  apparent  that  the  frequency  planning  problems  were  going  to  be  severe. 

In  due  course  a  satisfactory  computerised  technique  was  developed,  and  it  has  now  been  in  use  for  many 
years.  As  a  result  of  its  introduction  the  UHF  network  in  the  U.K.  now  covers  more  than  99%  of  the 
population,  the  total  of  stations  so  fax  being  660, 

Throughout  the  decade  following  the  Stockholm  Conference  propagation  studies  by  the  BBC  were 
continued,  and  although  these  concentrated  upon  UHF  work,  with  specific  reference  to  mixed  path 
calculations,  several  VHF  tests  were  also  conducted.  In  the  case  of  the  lower  frequencies,  there  has 
been  a  growth  of  interest  over  the  last  five  years  or  so,  as  attention  has  turned  to  developments  in 
VHF/FK  radio  broadcasting  and  the  growth  of  mobile  radio  systems.  Some  of  the  results  obtained  from 
this  work  have  been  fed  back  into  Recommendation  370  through  the  appropriate  CCIR  study  groups,  but  much 
analysis  still  remains  to  be  done. 
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This  paper  discusses  the  accuracy  of  field  strength  prediction,  with  particular  reference  to  the 
two  distinct  techniques  -  statistical  curves  and  path  loss  calculations.  It  seems  likely  that  for  many 

years  there  will  be  a  demand  for  both  types,  and  the  scope  for  improvement  needs  to  be  thoroughly  explored. 
With  this  objective  the  paper  surveys  the  contribution  so  far  made  by  the  BBC,  and  it  reports  on  the 
development  of  the  BBC  prediction  program.  It  outlines  a  programme  of  work  which  is  now  in  progress 
intended  both  as  a  contribution  to  the  improvement  of  Recommendation  370  and  to  allow  further  refinement 
of  the  computer  prediction. 

2.  THE  ACCURACY  OP  PREDICTION 

The  advantage  of  defining  broadcasting  coverage  in  terms  of  field  strength  is  that  it  provides  a 
quantitative  basis  for  planning  work.  Prom  subjective  tests  the  minimum  values  needed  to  provide 
a  satisfactory  service  can  be  defined,  together  with  the  protection  ratios  required  to  avoid  interference 
from  other  stations.  The  relationship  between  field  strength  and  the  standard  of  service  enjoyed  by 
various  proportions  of  the  population  can  then  be  estimated  (Sandell,  1969),  but  of  course  the  actual 
situation  is  likely  to  be  significantly  different.  Precise  statements  about  field  strength  values  which 
have  been  measured  using  a  good  receiving  aerial  mounted  at  10  m  a.g.l.  may  bear  little  relationship 
to  what  is  actually  obtained  by  a  viewer  or  listener  who  has  a  less-than-efficient  aerial  indifferently 
mounted  at  some  other  height .  For  this  reason  detailed  knowledge  of  the  local  Variation  of  field 
strength  is  valuable,  but  this  cannot  be  obtained  with  conventional  measurement  work  carried  out  under 
normal  circumstances.  Even  a  very  detailed  measurement  programme  intended  to  survey  coverage  is 
unlikely  to  make  more  than  20  observations  per  square  kilometre  in  a  built-up  area,  an  area  which  may 
ultimately  contain  several  hundred  domestic  receiving  aerials.  The  situation  is  even  more  complex, 
of  course,  when  mobile  receivers  need  to  be  considered. 

With  what  accuracy,  therefore,  can  field  strength  at  a  point  in  space  by  estimated?  Certainly, 
precise  definition  of  the  standing  wave  pattern  is  impracticable.  This  variation,  which  arises  when 
the  receiving  aerial  is  moved  through  a  small  distance  is  caused  by  reflections  from  surrounding  surfaces 
which  contribute  in-phase  or  out-of-phase  components  to  the  direct  signal,  which  itself  is  fluctuating 
due  to  the  effect  of  local  obstacles  in  the  propagation  path.  Measurements  by  several  authorities  have 
revealed  the  likely  magnitude  of  these  variations  in  the  VHP/DHP  bands,  and  it  is  not  proposed  to  pursue 
this  aspect  here.  In  assessing  the  limitation  of  field  strength  prediction  we  assume  the  objective  to 
be  the  estimation  of  the  median  value  of  the  distribution  which  would  be  obtained  if  we  recorded  the 
results  whilst  moving  the  aerial  through  a  small  distance,  say  10A.  It  is  assumed  that  this  median 
value  will  be  primarily  decided  by  losses  in  the  propagation  path,  and  the  accuracy  of  prediction  is 
determined  by  the  ability  to  forecast  these. 

One  other  important  preliminary  must  be  considered,  and  this  is  the  accuracy  of  measurement 
itself,  because  such  evidence  is  taken  when  judging  the  efficiency  of  a  prediction  technique.  In  an 
attempt  to  quantify  this,  the  BBC  some  years  ago  conducted  an  experiment  in  which  field  strength 
measurements  were  made  of  various  OHF  transmissions  at  up  to  200  receiving  locations  within  the  limits 
of  a  town,  using  a  receiving  aerial  elevated  to  a  height  of  ID  m  a.g.l.  (Lee,  Causebrook,  Sandell,  1970). 
At  each  of  these  locations  measurements  were  made  of  up  to  five  transmissions  from  stations  within  non¬ 
fading  range.  At  each  point  and  from  each  transmitter  two  distinct  measurements  were  made,  and  the 
difference  between  first  and  second  measurement  was  recorded.  The  distributions  of  these  comparisons 
were  then  plotted,  and  the  results  for  various  conditions  were  as  follows:- 

(i)  Measurements  repeated  in  the  same  locations 

In  this  case  the  first  measurement  of  each  pair  was  made,  and  the  location  of  the  receiving 
aerial  was  carefully  recorded.  On  a  subsequent  visit  the  second  measurement  was  made, 
care  being  taken  to  site  the  aerial  In  the  same  position.  The  distribution  of  the  comparison 
between  first  and  second  measurement  of  many  such  pairs  gave  a  standard  deviation  of  2  dB. 

(ii)  Measurement  repeated  at  a  nearby  receiving  location: 

Here  the  second  measurement  was  made  within  20  m  of  the  first.  Comparison  of  the  pairs 
produced  a  distribution  with  a  standard  deviation  of  4.5  dB, 

The  distributions  in  both  cases  were  Gaussian,  so  that  9996  of  the  samples  can  be  assumed  to  lie 
within  2.5  (f  of  the  median.  Thus  in  the  caBe  of  (i)  it  can  be  seen  that  the  best  that  can  be  achi|ved 
by  measurement  is  to  define  the  field  strength  at  a  precise  position  in  space  within  the  limits  of  -  5  dB. 
This  result  made  an  interesting  comparison  with  experiments  carried  out  separately  by  the  D.K.  Post  Office 
in  1957  (Brice,  Sandell,  1963),  in  which  measurements  at  TJHF  within  a  metre  cube  of  space  produced 
field  strength  variations  of  -  5  dB.  Case  (ii)  above  gives  some  indication  of  the  effect  on  field 
strength  of  a  lateral  displacement  of  the  receiving  aerial  of  20  m.  Measurements  at  20  m  intervals 
relate  to  a  measurement  density  of  2,500  to  the  square  kilometre,  and  this  can  be  compared  with  the 
20  or  so  that  is  the  limit  used  for  present  survey  work.  In  the  latter  activities  no  attempt  is  made 
in  practice  to  determine  the  precise  field  strength  distribution;  effort  is  concentrated  on  determining 
the  limit  of  service  contour.  Having  determined  what  could  be  achieved  by  measurement,  the  next 
phase  of  this  particular  experiment  was  to  compare  predictions  with  the  measurements  already  made. 

At  the  time  a  comparatively  simple  technique  was  being  used  by  the  BBC,  and  a  report  on  its  performance 
is  now  irrelevant.  However,  a  comment  on  the  results  obtained  using  the  CCIE  Recommendation  370  curves 
is  appropriate.  Application  of  these  to  the  fine  detail  of  the  experimental  measurements  was  difficult, 
because  if  maximum  accuracy  is  to  be  obtained  from  the  curves  then  correction  must  be  made  for  receiving 
location,  and  this  Involves  a  subjective  assessment  of  the  percentage  site  factor.  Substantial  errors 
can  arise,  but  after  some  preliminaries  a  prediction  for  each  site  measured  was  obtained  and  compared 
with  the  measurements.  The  distribution  which  resulted  had  a  standard  deviation  of  15.6  dB. 

One  further  result  can  be  quoted  from  this  experiment .  To  eliminate  the  difficulty  created  by 
the  subjective  aeeessment  of  the  location  variation  factor  the  concept  of  site  clearance  angle  was 
introduced.  This  took  the  form  of  a  correction  to  the  median  location  value  given  by  the  appropriate 
CCIR  propagation  curve,  based  on  the  angle  subtended  between  the  horizontal  at  the  receiving  site  and  a 
line  drawn  to  the  horizon  within  16  km  (Causebrook,  DaviB,  Sandell,  1969).  Comparison  of  these  revised 
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predictions  with  measurements  gave  a  distribution  with  a  standard  deviation  of  10.6  dB  -  a  significant 
improvement  over  the  result  described  in  the  previous  paragraph. 
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The  performance  of  a  more  advanced  prediction  technique  involving  the  assessment  of  path  losses 
will  be  discussed  later  in  this  paper.  It  is  appropriate  now  to  consider  the  data  which  formed  the 
basis  of  Recommendation  37O  because  this  will  illustrate  the  difficulties  of  achieving  a  satisfactory 
prediction  technique  using  propagation  curves. 

3.  MEASUREMENT  DATA  -  INTERPRETATION  AND  APPLICATION 

Because  they  formed  a  substantial  proportion  of  the  original  CCIR  evidence  and  because  their  history 
is  known  the  BBC's  contributions  to  Recommendation  370  have  been  looked  at  in  some  detail.  Broadly,  the 

measurements  can  be  subdivided  under  two  headings  -  short  range  and  long  range.  The  short  range 
measurements  are  those  made  within  the  service  ranges  of  broadcast  transmitters,  at  distances  up  to  100  km 
from  the  high-power  stations,  and  are  median  values  representing  groups  of  measurements  made  within 
confined  areas.  For  path  lengths  exceeding  100  km  fading  becomes  an  increasingly  important  factor.  The 
assessment  of  reception  conditions  requires  long-term  observation  over  a  period  of  months  or  even  years, 
ideally  accompanied  by  research  into  tropospheric  conditions  along  the  propagation  paths. 

In  1961  when  the  basic  CCIR  propagation  curves  were  agreed  the  BBC  supplied  data  in  the  form  of 
field  strength  measurements  for  both  short  and  long  paths.  In  the  case  of  the  former,  many  thousands 
of  results  obtained  during  routine  site  test  and  survey  activities  were  analysed.  Most  of  the  early 
VHF  work  was  carried  out  by  making  continuous  field  strength  measurements  in  a  vehicle  fitted  with  a 
receiving  aerial  mounted  3  to  5  m  a.g.l.  These  measurements  were  then  corrected  with  a  linear  height 
gain  to  give  results  assumed  to  exist  at  10  m  a.g.l.,  the  internationally-adopted  standard  for  this 
work.  Some  error  was  inevitable  with  this  adjustment,  because  the  receiving  aerial  height  gain 
certainly  varies  with  local  conditions,  but  for  VHF  the  variation  was  assumed  to  be  relatively  small. 

By  the  late  Fifties,  when  extensive  DHF  work  started  within  the  BBC,  the  practice  of  making  spot 
measurements  with  the  receiving  aerial  at  10  m  a.g.l.  had  been  adopted.  All  these  measurements  were 
concentrated  in  built-up  areas,  because  at  that  time  the  primary  objective  was  to  ensure  maximum  population 
coverage  of  new  services. 

Measurements  for  the  longer  paths  were  derived  from  a  number  of  special  propagation  experiments. 

In  some  cases  measurements  were  made  of  broadcast  service  transmitters  in  normal  operation,  whereas  in 
others  special  transmitters  were  set  up.  The  signals  were  recorded  at  fixed  receiving  sites,  and  the 
probability  distributions  of  field  strength  as  a  function  of  time  were  determined.  Unfortunately  there 
was  little  success  in  these  early  measurements  in  attempts  to  relate  propagation  to  tropospheric  conditions. 
Weather  information  was  available,  but  there  were  little  or  no  data  concerning  such  factors  of  interest 
as  lapse  rates,  which  could  have  been  used  to  determine  the  existence  of  ducting, along  paths  under 
investigation.  Nevertheless,  a  very  considerable  quantity  of  measured  data  was  obtained,  and  the 
Appendix  lists  the  early  BBC  experiments,  together  with  those  which  were  carried  out  after  1961.  In  all 
reception  has  been  recorded  over  a  total  of  119  different  paths,  varying  in  length  from  less  than  100 
to  nearly  1000  km.  The  experiments  extended  over  a  range  of  frequencies  from  41.5  to  774  MHz,  and 
many  different  types  of  terrain  were  included.  Particular  attention  was  devoted  to  propagation  over 
the  North  Sea,  with  a  transmitter  in  Holland  and  receiving  sites  along  the  East  Coast  of  the  U.K.  The 
total  measurement  recording  time  available  for  analysis  from  all  these  experiments  amounts  to  about 
100  years. 

The  data  emerging  from  the  various  BBC  experiments  formed  a  useful  contribution  to  the  work  of  the 
CCIR,  and  facilitated  planning  activities  in  Europe  in  the  Fifties  and  Sixties.  Indeed,  insofar  as  the 
CCIR  Recommendation  remains  substantially  unchanged,  the  value  of  this  early  work  continues.  With 
hindsight,  however,  it  is  easy  to  identify  weaknesses  in  the  original  evidence,  and  it  is  useful  to 
analyse  these  if  constructive  comments  are  to  be  made  with  a  view  to  improving  future  work. 

Perhaps  the  most  important  discrepancy  in  the  original  data  was  the  inconsistency  which  existed 
between  the  short-range  and  long-range  measurements.  As  mentioned  previously,  the  service  area 
measurements  came  from  work  carried  out  in  built-up  areas  and  the  median  values  are  depressed  by  urban 
clutter.  In  contrast,  the  results  for  the  longer  ranges  usually  came  from  a  relatively  few  receiving 
sites  in  open  country.  Site  variation  factors  were  determined  which  made  allowance  for  terrain 
undulations  in  the  vicinity  of  these  sites,  although  in  some  instances  realistic  assessments  were 
impracticable  because  the  signals  were  only  above  noise  levels  for  short  periods.  However,  whilst  there 
was  some  success  in  determining  the  influence  of  local  terrain  upon  the  median  value,  the  long-range 
results  are  not  comparable  with  the  short-range,  because  the  effects  of  urban  clutter  are  missing.  The 
published  curves  therefore  tend  to  underestimate  field  strengths  at  the  shorter  ranges  by  comparison  with 
those  at  greater  distances.  When  used  for  planning,  the  net  effect  is  to  improve  the  chance  of 
obtaining  an  interference-free  service. 

Another  uncertainty  in  the  original  data  which  has  been  reflected  in  the  Recommendation  concerns 
the  definition  of  location  variability.  The  basic  curves  define  median  values,  and  corrections  are 
provided  to  give  results  for  different  percentage  locations.  For  the  BBC's  long-range  measurements 
the  site  variation  factor  was  determined  by  simultaneous  observation  within  a  radius  of  e  km  of  the 
fixed  site.  At  the  shorter  ranges  the  median  values  represented  a  distribution  of  measurements  also 
often  made  over  many  square  kilometres  -  dependent  solely  on  the  size  of  the  built-up  area  which  was 
being  surveyed.  In  this  case  also  the  density  of  the  measurements  was  dictated  by  the  population 
distribution  -  a  factor  having  only  slight  relationship  with  terrain  characteristics.  Both  long  and 
short  range  measurements  therefore  provided  evidence  of  the  distribution  of  the  median  valueG,  but 
neither  produced  understandable  parameters  to  permit  correction  for  location  variation. 

Another  parameter  which  has  given  rise  to  some  concern  is  Cwb.  This  defines  the  degree  of  terrain 
irregularity  over  the  propagation  path  in  the  range  10  to  50  km  from  the  transmitter,  and  is  the  difference 
in  height  exceeded  by  1096  and  9CPA  of  the  terrain  along  that  part  of  the  path.  The  parameter  was 
introduced  into  the  CCIR  curves  in  1 96 1  to  improve  medium  range  prediction  for  UKF  overland  paths. 
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although  at  that  time  the  BBC's  analyses  had  not  considered  this  parameter,  nor  provided  data  to  support 
the  corrections  for  changes  in  effective  aerial  heights  at  beyond-horizon  distances.  These  corrections 
were  used  to  normalize  results  for  a  basic  transmitting  height  of  JOQ  m  above  mean  terrain,  and  to  provide 
the  families  of  curves  for  different  heights.  Some  attempt  was  made  by  the  BBC  to  assess  the  effect  of 
transmitting  aerial  height  gain  upon  the  measured  results  at  short  ranges,  but  the  results  could  not 
support  extrapolation  to  the  longer  distances. 

However,  it  is  important  to  remember  that  in  1961  there  was  considerable  international  pressure  to 
produce  basic  propagation  curves  for  the  forthcoming  Conference,  and  so  the  technical  data  were  readily 
agreed.  Had  there  been  time  and  effort  available  during  this  period  considerable  improvements  could 
have  been  realised  thai, because  much  evidence  was  available  from  many  sources,  it  simply  had  not  been 
fully  analysed.  Within  the  BBC  for  example,  effects  which  had  been  studied  but  not  reported  included: - 

(i)  the  effect  of  altering  the  height  of  the  receiving  aerial, 

(ii)  the  influence  of  local  clutter,  e.g.  buildings  and  trees, 

(iii)  polarization, 

(iv)  multipath,  and 

(v)  depression  of  signal  at  poor  sites  during  abnormal  propagation  conditions. 

Clearly,  item3  such  as  this  are  interesting,  especially  in  the  development  of  a  comprehensive 
prediction  technique,  but  in  1961  they  had  to  take  second  place  to  the  main  priority  of  devising  a  Bystem 
which  could  be  effectively  used  to  progress  the  important  work  of  international  frequency  negotiation. 

Since  1961  much  new  evidence  has  become  available,  and  some  of  it  has  been  incorporated  in 
Recommendation  370.  Some  of  the  more  important  gaps  in  the  data  have  been  filled,  for  example,  separate 
curves  for  land  and  sea  have  been  introduced  for  the  band  40  to  250  MHz,  and  information  covering  the 
Mediterranean  as  well  as  the  North  Sea  has  been  added.  The  use  of  the  Ah  parameter  has  been  extended 
to  the  VHF  bands,  and  in  general  the  application  of  the  recommendation  has  been  clarified  by  the 
supporting  Report  239  (CCIR,  1982).  The  terrain  clearance  angle  correction,  mentioned  in  the 

previous  Section,  has  been  Introduced  to  improve  the  location  distribution  situation.  Other  investigations 
carried  out  by  the  BBC  since  1961  have  included  the  simultaneous  recording  of  UHF  transmissions  over  the 
North  Sea  paths.  Data  for  propagation  over  mixed  land  and  sea  paths  at  OHF  have  been  contributed, 
together  with  various  proposals  for  mixed-path  methods. 

However,  the  development  of  Recommendation  370  over  the  past  twenty  years  haB  been  sporadic,  and 
there  is  general  concern  that  there  is  urgent  need  for  further  clarification  and  elaboration.  Recent 
work  by  Interim  Working  Party  5/5  has  included  a  critical  analysis  of  the  existing  textB,  and  proposals 
have  been  made  for  certain  modifications.  Whilst  welcoming  the  general  objective,  the  BBC  has 
reservations  about  further  ad  hoc.  adjustment  of  the  method  as  it  stands .  Such  an  approach  tends  to 

create  inconsistencies  within  the  system,  indeed  there  is  past  evidence  of  this,  and  this  gives  rise  to 
the  need  for  further  modification.  If  measured  evidence  is  not  available  to  support  such  changes,  then 
there  is  a  risk  that  accuracy  might  suffer.  A  wide-ranging  review  of  the  whole  Recommendation,  taking 
account  of  all  the  reliable  measured  data,  is  clearly  the  best  approach,  and  this  is  the  optimum  solution 
recommended  by  IWP  5/5.  But  it  is  conceded  that  a  full  re-appraisal  will  require  a  great  deal  of  effort, 
and  it  is  pertinent  to  query  whether  this  should  be  undertaken,  or  whether  the  objective  should  be  to 
concentrate  upon  the  development  of  a  path  loss  technique  which  would  make  full  use  of  the  computer 
facilities  now  available.  The  next  Section  considers  what  can  be  achieved  with  such  a  system. 

4.  PATH  LOSS  PREDICTION  USING  A  COMPUTER 

The  particular  example  considered  here  is  the  prediction  program  which  has  been  developed  by  the  HBC, 
with  the  full  co-operation  of  the  Independent  Broadcasting  Authority.  It  is  readily  acknowledged  that 
other  organizations  throughout  the  world  have  developed  similar  techniques,  but  the  details  and 
performance  of  the  BBC  program  will  serve  as  a  typical  illustration. 

The  program,  which  has  now  been  in  use  for  some  years  within  the  BBC  Research  Department,  was 
originally  designed  for  planning  work  connected  with  the  introduction  of  the  UHF  broadcast  services 
(Causebrook,  1974,  King,  Causebrook, 1976).  It  has  been  designed  to  undertake  not  only  the  basic 
process  of  prediction,  it  also  offers  many  other  facilities  of  interest  to  the  planning  engineer.  It 
has  also  now  been  extended  to  cover  prediction  work  at  VHF. (Causebrook,  Tait,  1970) 

The  prediction  routine  in  the  program  is  intended  to  calculate  field  strengths  of  transmitters  at 
all  ranges,  although  initially  particular  emphasis  was  placed  on  long-distance  paths,  where  the  effects 
of  interference  influence  the  choice  of  frequencies.  There  tends  to  be  an  inevitable  relationship 
between  the  design  of  the  prediction  and  the  data  available,  and  this  case  the  existence  of  a  terrain 
data  bank  of  the  U.K.,  in  which  heights  were  stored  for  elements  of  a  0.5  km  grid,  was  influential. 

However,  the  method  is  capable  of  use  with  finer  data,  and  then  greater  accuracy  can  be  achieved,  as  will 
be  described. 

The  sequence  of  prediction  in  the  program  starts  with  the  acquisition  of  a  ground  profile  for  the 
selected  path,  either  from  the  data  bank,  or  directly  from  detailed  maps  giving  height  information.  This 
profile  is  initially  Interpreted  by  the  program  in  simplistic  terms,  and  is  classified  as  having  a  rounded 
or  wedged  shape,  It  ie  also  separately  interpreted  as  a  series  of  knife  edges,  and  predictions  are  made 
for  both  profiles.  An  empirical  interpolation  is  then  made  between  the  two  results  to  give  the  final 
answer.  The  effects  of  tropospheric  inhomogene i t y  over  the  longer  paths  giving  rise  to  various  forms 
of  fading  are  dealt  with  in  the  calculation  by  varying  the  effective  earth's  radius  of  each  profile.  To 
determine  the  extent  of  thie  adjustment  and  others  used  in  the  program  a  great  deal  of  measurement  data 


has  been  used,  and  results  are  constantly  monitored  to  ensure  good  agreement  with  such  evidence.  As 
occasion  demands  this  empirical  approach  is  used  to  make  fine  adjustment  to  the  parameters  of  the 
prediction. 

Using  the  comparison  technique  described  in  Section  2,  the  accuracy  of  the  program  can  be  checked 
against  measurement.  If  the  terrain  data  bank  is  used  to  provide  the  profile  information,  the  comparison 
with  measurements  gives  a  standard  deviation  of  the  distribution  of  7.3  dB  for  UHF  work.  If  more 
detailed  terrain  data  are  used,  and  in  this  case  height  information  can  be  made  available  at  0.1  km 
intervals  along  a  profile,  then  the  standard  deviation  approaches  5  dB,  i.e.,  comparable  with  the  accuracy 
of  measurement.  Results  for  frequencies  in  the  range  90  to  230  MHz  are  slightly  worse,  and  those  for 
the  lowest  VHF  channels  are  only  marginally  better  than  those  obtained  using  Recommendation  370  with 
the  horizon  angle  correction.  It  is  likely  that  the  reason  for  this  is  that  no  account  is  being  taken 
of  ground  reflexion,  and  this  is  likely  to  be  an  important  factor  at  the  lower  frequencies.  This 
facility  might  be  included  in  the  program,  but  certainly  the  0.5  km  terrain  data  would  be  inadequate  for 
this  purpose. 

It  is  evident  that  the  accuracy  of  such  a  prediction  technique  is  largely  dependent  on  the  terrain 
data.  In  the  work  so  far  the  concentration  has  been  upon  the  prediction  of  the  field  at  10  m  a.g.l., 
and  of  course  the  standing  wave  pattern  is  ignored.  The  effect  of  obstacles  close  to  the  receiving 
aerial  have  only  been  dealt  with  superficially,  and  even  if  full  data  concerning  these  were  available 
the  program  would  have  to  be  much  more  complicated  to  predict  the  additional  attenuation  created.  But 
this  is  the  very  problem  that  affects  the  estimation  of  field  strength  at  lower  heights  of  receiving 
aerial,  down  to  one  metre  a.g.l.  This  aspect  interests  both  mobile  radio  users  and  the  broadcasters, 
who  are  concerned  with  the  quality  of  reception  on  car  radios  and  portables.  Until  recently,  such 
conditions  have  had  to  be  inferred  from  measurements  and  predictions  made  for  the  10  m  a.g.l.  condition, 
but  increasing  interest  in  the  lower  heights  has  led  to  a  rapid  increase  in  the  amount  of  measured 
evidence,  and  much  now  exists  which  will  help  further  prediction  development. 

5.  FUTURE  DEVELOPMENT 

Although  many  countries  have  by  now  completed  most  of  the  planning  work  on  their  terrestrial 
broadcasting  networks,  the  need  for  a  reliable  prediction  method  remains,  and  indeed  becomes  more  pressing 
in  some  cases.  There  is  a  growing  demand  to  share  spectrum  space  between  services,  and  in  this  respect 
the  demand  from  new  mobile  interests  is  considerable.  Then  there  is  always  the  opportunity  to  improve 
existing  networks  -  in  the  U.K.  for  example  we  are  currently  making  substantial  changes  to  our  VHF/FM 
broadcasting  system  -  a  process  likely  to  extend  across  Europe  because  next  year  will  see  the  second  stage 
of  international  discussions  to  agree  the  extension  of  the  spectrum  allocated  to  thiB  service.  Then, 
of  course,  it  is  recognized  that  even  although  satellite  broadcasting  is  with  us  now,  many  countries 
throughout  the  world  continue  to  develop  terrestrial  networks,  and  the  need  for  an  accurate  technique 
on  which  to  base  their  plans  will  exist  far  into  the  future.  For  these  reasons  broadcast  engineers  will 
want  to  improve  prediction. 

Given  that  further  development  is  desirable,  the  objectives  -  as  distinct  from  the  reasons  -  must 
be  identified.  Is  the  primary  intention  to  produce  evidence  which  will  allow  a  full  revision  of 
Recommendation  370  to  be  made,  or  is  it  to  develop  a  computerised  path  loss  prediction  program  which 
could  be  used  internationally?  The  main  obstacle  to  the  latter  must  be  the  present  scarcity  of  terrain 
data,  even  within  Western  Europe.  Some  countries  have  or  are  acquiring  data  banks,  but  the  situation  is 
uncertain  and  unco-ordinated,  and  seems  likely  to  remain  so  for  some  years.  This  is  regrettable, 
expecially  at  a  time  when  satellite  mapping  processes  might  offer  a  solution.  It  is  certain  therefore 
that  the  statistical  curves  will  be  in  use  for  many  years  yet,  although  there  will  be  a  steady  increase 
within  various  countries  of  more  detailed  techniques.  It  would  seem  desirable  to  look  for  international 
co-ordination  in  these  developments. 

The  objectives  of  the  BBC's  research  in  this  area  may  be  stated  as  follows:- 

(i)  to  improve  the  present  path  loss  method,  so  that  reliable  predictions  can  be  obtained  of 
the  field  strength  at  10  m  a.g.l.  for  all  types  of  propagation  path, 

(ii)  to  be  able  to  predict  the  result  of  local  movement  of  the  receiving  aerial  -  at  any  plane,  and 

(iii)  to  forecast  reception  conditions  on  receivers  used  to  obtain  the  various  services. 

The  programme  of  work  has  started  with  a  full  re-investigation  of  the  measurement  data  arising  from 
the  experiments  listed  in  the  Appendix,  and  contributions  from  other  organizations  are  being  added. 

In  an  attempt  to  give  more  meaning  to  the  temporal  variation  parameter  these  data  are  being  correlated 
with  weather  and  tropospheric  information,  where  this  is  available.  Certainly  at  this  time  nothing  can 
be  done  in  respect  of  tropospheric  data  affecting  measurements  made  30  years  ago,  but  even  in  this  case 
it  1b  hoped  that  certain  basic  weather  information  will  show  some  correlation  between  abnormal  propagation 
and  stable  weather  conditions.  The  same  long-distance  data  are  also  being  used  to  re-examine  the  mixed- 
path  prediction,  and  here  several  new  results  are  available.  New  experiments  are  also  being  established 
to  fill  gaps  in  the  evidence,  and  it  is  hoped  that  these  will  be  comprehensively  specified  in  order  to 
provide  much  more  data  than  was  obtained  from  earlier  work. 

Particular  emphasis  is  being  placed  upon  the  examination  of  field  strength  variation  with  receiving 
location.  An  enormous  amount  of  measurement  is  available  within  the  BBC,  as  an  example  the  number  of 
"spot"  measurements  made  within  service  areas  of  VHF  and  UHF  stations  over  the  past  twenty  years  is  now 
well  in  excess  of  one  million. 

To  this  considerable  library  of  results  must  be  added  a  large  range  of  specialized  experiments 
designed  to  study  particular  aspects  of  the  subject,  such  as  the  effects  of  polarization,  receiving  aerial 
height  gain,  multipath  propagation,  the  effects  of  tidal  fading,  and  many  others.  The  main  problems  in 
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this  project  are  those  of  selection  and  processing,  although  hopefully  more  advanced  facilities  will  be 
available  than  were  in  use  20  years  ago. 

Although  the  work  is  intended  to  improve  the  accuracy  and  scope  of  the  BBC's  prediction  program,  the 
first  priority  is  to  assess  the  features  of  Eecommendation  370 ,  in  the  form  that  it  is  to  be  used  for  the 
forthcoming  VHF/IM  Conference.  Even  if  serious  discrepancies  are  felt  to  exist,  it  is  now  too  late  to 
influence  the  general  application  of  this  machinery  for  the  Conference,  because  planning  calculations  have 
already  started.  However,  it  is  hoped  to  report  on  any  deficiencies,  anomalies  and  uncertainties  which 
are  revealed  between  now  and  the  middle  of  1984.  Even  if  solutions  cannot  be  suggested  within  this  time 
scale,  it  is  felt  that  such  evidence  may  be  useful  to  those  who  will  need  to  assess  the  international 
situation. 
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BBC  LONG-DISTANCE  RECORDING  EXPERIMENTS  - 
ARRANGER)  IN  ORDEK  OF  FREQUENCY 


Frequency 

MHz 

Transmitter 

Receiver 

Path 

Length 

km 

Period 

41.5 

Crystal  Palace 

Caversham 

63 

June  1961  -  Dec.  1962 

Mural ey 

77 

M 

45.0 

Alexandra  Palace 

Leeds 

257 

Sept  1946  -  Oct.  1948 

Largoward 

550 

Sept  1949  -  Mar.  1950 

48.23 

North  Hessary  Tor 

Mursley 

274 

June  1961  -  Dec.  1962 

58.25 

Sutton  Coldfield 

Caversham 

138 

II 

Mursley 

100 

It 

Largoward 

422 

Jan.  1951  -  Mar.  1952 

Redmoss 

505 

II 

Portreath 

356 

Jan.  1951  -  Oct.  1951 

Redruth 

354 

Nov.  1951  -  Mar.  1952 

63.27 

Peterborough 

Caversham 

121 

Jun.  1961  -  Dec.  1962 

63.25 

Wenvoe 

Caversham 

161 

It 

Mursley 

180 

It 

88.1 

North  Hessary  Tor 

Mursley 

274 

tl 

88.3 

Sutton  Coldfield 

Caversham 

138 

It 

Mursley 

100 

It 

88.5 

Rowridge 

Mursley 

146 

II 

88.95 

Wenvoe 

Caversham 

161 

tl 

89.1 

Wrotham 

Caversham 

88 

Jun.  1961  -  Dec.  1962 

89.95 

Wenvoe 

Mursley 

180 

" 

90.1 

Peterborough 

Caversham 

121 

II 

91.4  and 

Wrotham 

Dorket  Head 

220 

Jan.  1951  -  Sept  1952 

93.8 

Pannal  Ash 

530 

Apr.  1951  -  Sept  1952 

Largoward 

612 

Jan.  1951  -  Sept  1952 

Redmoss 

680 

It 

Portreath 

412 

Jan.  1951  -  Oct.  1951 

Redruth 

406 

Nov.  1951  -  Mar.  1952 

Heddon  Laws 

443 

Apr.  1951  -  Sept  1952 

91.5 

Moorside  Edge 

Wrexham 

98 

May  1949  -  Mar.  1950 

Redruth 

445 

it 

Christchurch 

521 

tt 

Kingswood 

284 

11 

Cambridge 

207 

n 

Great  Bromley 

278 

11 

Start  Point 

398 

Jun.  1947  -  Oct.  1947 

Bartley 

306 

II 

Bagley  Croft 

217 

tt 

93.1 

Mel drum 

Scousburgh 

300 

Sept  1956  -  Oct.  1956 

Netherbutton 

177 

May  1957  -  Jun.  1957 

94.35 

Scheveningen 

Happisburgh 

198 

July  1954  -  Sept  1955 

Flamborough  Hd. 

365 

tt 

Newton 

545 

It 

Bridge  of  Don 

690 

II 

Lerwick 

950 

It 

180,4 

Sutton  Coldfield 

Mursley 

100 

Nov.  1954  -  Oct.  1956 

Kingswood 

103 

July  1954  -  Nov.  1956 

Beddingham 

237 

Oct.  1954  -  Nov.  1956 

180.4 

Pontop  Pike 

Ottringham 

172 

Jan,  1957  -  Feb,  195* 

Dorket  Head 

214 

ti 

Mursley 

338 

it 

Kingswood 

420 

tt 

26-8 


Frequency 

MHz 

Transmitter 

Receiver 

Path 

Length 

km 

180.4 

Pontop  Pike 

Beddin^iam 

473 

185.25 

Lille 

Kingswood 

240 

187.0 

Scheveningen 

Happisburgh 

198 

Flamborough  Hd. 

365 

Newton 

543 

Bridge  of  Don 

690 

Lerwick 

950 

495 

Sutton  Coldfield 

Mur s ley 

100 

Kingswood 

183 

Beddingham 

237 

501.25 

Rowridge 

Alderney  C.I. 

120 

Torteval  C,I. 

167 

509.75 

Caen 

Christchurch 

210 

Kingswood 

259 

Caversham 

279 

Mural ey 

329 

533.25 

Caradon  Hill 

Torteval 

174 

56O.O 

Holme  Moss 

Mursley 

190 

Kingswood 

272 

Beddingham 

326 

560.0 

Pontop  Pike 

Ottrin&ham 

172 

Dorket  Head 

214 

Mursley 

338 

Kingswood 

420 

Beddingham 

473 

560.0 

Scheveningen 

Happisburgh 

198 

Flamborough  Hd. 

365 

Newton 

543 

Bridge  of  Don 

690 

Lerwick 

950 

Tacolneston 

217 

Feltwell 

258 

Peterborough 

316 

Skeffington 

356 

573.25 

Crystal  Palace 

Caversham 

63 

Mursley 

77 

Manningtree 

98 

Bawdsey 

120 

Peterborough 

132 

Tacolneston 

147 

629.25 

Sutton  Coldfield 

Hatfield 

144 

Brookmans  Park 

149 

653.75 

Le  Havre 

Christchurch 

195 

Kingswood 

202 

Caversham 

234 

Mursley 

278 

666.0 

Portland 

Alderney 

95 

756.0 

Stockland  Hill 

Alderney 

137 

759.25 

North  Hessary  Tor 

Torteval 

157 

774.0 

Pontop  Pike 

Dishforth 

85 

Moorside  Edge 

140 

Dorket  Head 

214 

Mursley 

338 

Kingswood 

420 

Beddingham 

475 

774.0 

Scheveningen 

Happisburgh 

198 

Flamborough  Hd, 

365 

Newton 

543 

Bridge  of  Don 

690 

Lerwick 

960 

Period 


Jan.  1957  -  Feb.  1958 

Nov.  1952  -  Jun.  1955 

Apr.  1957  -  Deo.  1958 

If 

tl 

If 

II 


Jul.  1955  -  Jul.  1956 
Mar.  1955  -  Jul.  1956 
Nov.  1955  -  Jul.  1956 

Feb.  1967  -  Sep.  1970 

It 


July  1968  -  June  1970 

II 


II 


July  1969  -  July  1971 

Jul.  1955  -  Nov.  1956 

II 

Nov.  1955  -  Nov.  1956 

Jan.  1957  -  Jun.  1958 

n 

it 

m 

H 


Jun.  1959  -  Jun.  1964 
!  Jun.  1959  -  Jun.  1962 

if 

11 

it 

Max.  1965  -  Jun.  1964 

I  " 


Mar.  1965  -  Sept  1965 
Mar.  1965  -  Feb.  1967 
May  1965  -  Mar.  1967 
Aug.  1966  -  Jul.  1967 
May  1965  -  Jul.  1967 
Nov.  1965  -  Jul.  1967 

Sept  1966  -  Sept  1967 

II 


July  1968  -  Jun.  1970 

It 

II 

It 

Feb.  1970  -  Nov.  1970 

Aug.  1970  -  Nov.  1970 

Dec.  1962  -  Sept  1?6J 

Jun.  1959  -  Nov.  i960 

Jan.  1959  -  Nov.  I960 

II 

II 

II 

II 

Oct.  1961  -  Dec.  196? 

II 

II 


Frequency 

MHz 


Transmitter 

Receiver 

Scheveningen 

Bawdsey 

Manningtree 

Gt.  Baddow 
Brookmans  Park 
Hatfield 
Kingswood 
Caversham 

Path 

Length 

km 

Period 

1 96 

Apr.  1965  -  Jul.  1967 

217 

262 

it 

307 

Jun.  1966  -  Jul.  1967 

311 

Aug.  1965  -  Sept  1966 

321 

Apr.  1965  -  Jul.  1966 

365 

Apr.  1965  -  Sept  1965 

Terrain  clearance  angle 


correction ,  d8 
20 1 — | — 


Fig  3  Receiver  terrain  clearance  angle 
from  Report  235*5  (COR  19S2) 


eld  strength, dB 
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SUMMARY 


An  experiment  to  study  radio  propagation  in  the  Arctic  maritime  environment  was  undertaken  in  Canada 
in  1982.  Five  UHF  radio  paths  between  pairs  of  elevated  points  were  selected  along  a  300  km  east-west 
line  which  parallels  a  potentially  important  navigation  route  through  the  Arctic  islands.  Two  VHF  paths, 
each  between  an  elevated  site  and  a  point  near  sea  level  were  also  chosen  to  simulate  cornmuni cati ons  with 
a  ship.  Partial  results  from  the  summer-to-winter  transition  season  show  that  propagation  between  the 
elevated  points  is  highly  reliable,  but  that  propagation  along  the  slanted  paths  appears  to  be  strongly 
affected  by  radio-wave  ducting. 


1.  INTRODUCTION 

The  portion  of  Canada  north  of  the  Arctic  Circle  includes  an  extensive  group  of  islands,  covering  an 

area  of  about  2  million  km2  and  extending  to  latitude  83°N.  The  Northwest  Passage,  the  fabled  northern 

sea  route  through  the  Americas  from  Europe  to  the  Orient,  passes  through  this  archipelago  near  latitude 
74°N  between  Baffin  Bay  on  the  east  and  the  Beaufort  Sea  on  the  west. 

Communications  in  this  very  sparsely  populated  region  have  traditionally  used  HF  radio,  supplemented 
by  troposcatter  systems  farther  south,  and  more  recently  by  microwave  links  through  geostationary 
satellites.  However,  the  possibility  of  increased  marine  traffic  because  of  natural  resource  development 
has  led  to  the  investigation  of  a  VhF  mobile  radio  system,  and  this  has  required  a  study  of  radio 
propagation  in  this  unique  Arctic  region.  The  experimental  VHF  frequencies  were  chosen  within  the 
maritime  mobile  frequency  band,  156  to  174  MHz,  with  a  maximum  link  distance  of  95  km  between  a  simulated 
shipboard  location  and  an  elevated  site.  As  well,  UHF  paths  were  investigated  in  the  450  to  470  MHz 
band,  with  lengths  up  to  100  km  between  elevated  points.  The  purpose  of  the  experiment  at  both  VHF  and 
UHF  is  to  examine  the  range  of  path  lengths  needed  to  cover  the  whole  Northwest  Passage  from  longitude 
80°W  to  125°W. 

The  central  islands  of  this  region  have  an  Arctic  desert  climate  with  only  a  few  centimetres  of 

annual  precipitation,  mostly  as  snow.  Summer  temperature  maxima  rarely  exceed  5°C  and  winter  minima  can 

be  lower  than  -50°C.  The  sea  channels  are  ice-covered  for  nine  to  twelve  months  of  the  year  and  winter 
ice  thicknesses  are  typically  2.5  to  3  m.  The  unbroken  winter  night  at  latitude  75°N  'i^cs  from  November 
3  to  February  9,  and  the  unbroken  summer  day  from  May  1  to  August  13,  while  the  length  of  the  day  changes 
from  0  to  24  hours,  and  back,  around  the  spring  and  autumn  equinoxes.  The  winter  night-time  atmosphere 
is  characterized  by  a  widespread  thermal  inversion  as  the  earth  and  ice  surface  cool  by  radiation.  The 
summer  day-time  atmosphere  is  stable  and  generally  non-convective,  with  extensive  fog  and  overcast  below 
200  m  when  the  ice  cover  is  discontinuous  in  late  summer. 


2.  DESCRIPTION  OF  THE  EXPERIMENT 

The  geographical  location  of  the  experimental  area  is  shown  in  Figure  1.  Figure  2  is  a  detailed  map 
of  the  area,  with  the  experimental  links  indicated.  Near  Cape  Cockburn  there  are  three  independent 
sites,  Cockburn  Peak,  Cockburn  Lake,  and  Cockburn  Flats,  at  different  elevations  along  almost  the  same 
line,  which  are  not  differentiated  on  this  map.  Unofficial  names  and  locations  of  all  sites  are  given  in 
Table  1,  together  with  the  approximate  frequency  of  transmission  from  each  site. 


Table  1.  Experimental  Site  Details 


Site  Name 

Latitude 

Longitude 

Elevation  (m) 

Frequency 

Transfer  Hill 

75° 

35.3'N 

105° 

35.1 'W 

140 

451 

Schomberg  Peak 

75° 

33.7' 

102° 

40.8' 

189 

463 

Cockburn  Peak 

75° 

01.9' 

100° 

15.6' 

151 

453 

Cockburn  Lake 

75° 

01.5' 

O 

O 

o 

10.0' 

90 

458 

Cockburn  Flats 

75° 

00.7’ 

100° 

01.0' 

15 

164 

Ac  land  Acres 

75° 

00.0' 

98° 

51.0’ 

15 

168 

Lowther  Peak 

74° 

31.8’ 

97° 

27.2' 

183 

468 

Martyr  Peak 

74° 

41.2' 

95° 

02.9' 

174 

148 

n-2 


The  signal  level  received  from  Transfer  Hill  was  measured  at  Schomberg  Peak.  This  level  was  then 
inserted  as  a  serial  digital  data  stream  on  the  frequency-modulated  transmission  from  Schomberg  Peak  and 
demodulated  and  recovered  when  the  received  level  of  that  transmission  was  measured  at  Cockburn  Peak. 

Both  levels  in  turn  were  included  in  the  FM  serial  digital  data  stream  on  the  Cockburn  Peak  transmission, 
and  the  recovery  and  measurement  process  was  repeated  at  the  Lowther  Peak  receiver.  The  received  levels 
of  the  transmissions  from  Cockburn  Lake,  Cockburn  Flats,  and  Acland  Acres  were  also  measured  at  Lowther 
Peak.  All  six  measurements  were  included  on  the  Lowther  Peak  transmission,  and  the  reception  process  was 
repeated  at  Martyr  Peak.  The  transmission  from  Martyr  Peak  was  a  short  range  telemetry  link  to  the 
recording  equipment  at  Resolute. 

At  all  sites  the  transmitting  antennas  had  four  vertically  collinear  half-wave  folded  dipole  elements 
and  a  nominal  gain  of  8  d8i.  All  were  vertically  polarized  and  mounted  on  six-metre  towers  so  that  the 
radiation  centres  of  the  antennas  were  about  7  metres  above  ground  level  at  UHF  and  9  metres  at  VHF.  All 
receiving  antennas  also  had  four  vertically  collinear  half-wave  dipole  elements  and  were  similarly 
mounted,  except  at  Lowther  Peak  where  a  cylindrical  paraboloid  with  a  gain  of  17  dB  was  mounted  at  a 

height  of  5  metres  and  used  for  UHF  reception.  Path  profiles  of  all  the  links  with  the  line  of  sight 

above  an  effective  earth  radius  of  4R/3,  and  with  the  0.6  Fresnel  zone  clearance  indicated,  are  shown  in 

Figure  3.  Path  clearances  at  UHF  ranged  from  almost  one  full  Fresnel  zone  on  the  link  from  Lowther  Peak 
to  Martyr  Peak  to  zero  on  the  link  from  Cockburn  Lake  to  Lowther  Peak.  At  VHF,  the  Acland  Acres  site  was 
just  on  the  horizon  of  Lov ther  Peak,  while  the  Cockburn  Flats  site  was  obstructed,  being  about  25km 
beyond  the  horizon.  All  paths  were  more  than  90%  over  the  sea  and,  except  at  Cockburn  Flats,  foreground 
blocking  was  negligible. 

Because  of  the  inaccessibility  of  the  sites,  all  equipment  was  designed  to  operate  unheated,  un¬ 
attended,  and  with  minimal  power  consumption.  Power  was  supplied  by  CIPEL  primary  cells  chosen  for  their 
good  performance  at  extremely  low  temperatures.  The  transmitters  used  frequency  multiplication  from 
stable  crystal  oscillators  in  the  50  MHz  range,  and  had  power  outputs  of  100  mW.  The  single-conversion 
receivers  had  simple  mixer  front-ends,  and  bandwidths  of  12  kHz  centred  at  10.7  MHz  IF.  Quadrature 
detectors  were  used  to  demodulate  the  FM  data  stream  of  measured  signal  levels  at  each  site. 

All  signal  levels  were  recorded  at  Resolute  by  a  data  cartridge  recorder  at  two-second  intervals  as 
12-bit  binary  numbers,  so  that  the  resolution  exceeded  0.1  dB  at  the  middle  of  the  approximately  60  dB 
dynamic  range  of  the  equipment.  Data  cartridges  were  forwarded  to  Ottawa  weekly  for  analysis,  but  the 
system  operation  was  monitored  several  times  daily  by  real-time  sampling  of  the  data  by  telephone  from 
Ottawa. 

The  two  VHF  paths  from  Cockburn  Flats  and  Acland  Acres  and  the  UHF  path  from  Lowther  Peak  came  into 
operation  on  August  13,  1982.  The  remaining  four  UHF  paths  became  operational  on  September  1,  1982.  The 
experiment  worked  with  only  minor  losses  of  data  until  early  November  1982,  when  the  data  recording 
system  became  very  noisy.  Thus  the  results  presented  in  this  paper  are  confined  to  the  period  ending 
November  1,  1982.  By  chance  this  covers  almost  exactly  the  autumn  transition  period  (August  13  to 
November  3)  when  the  length  of  day  decreases  from  24  to  0  hours  at  these  latitudes. 


3.  EXPERIMENTAL  RESULTS 
3.1  UHF  Results 

The  most  striking  characteristics  of  the  signal  levels  measured  on  all  the  UHF  paths  is  their 
stability.  This  is  demonstrated  by  the  cumulative  distributions  of  relative  signal  strength  over  the 
period  of  measurement,  as  shown  in  Figure  4,  where  the  two-letter  abbreviations  identify  the  paths  by  the 
names  of  the  transmitter  sites.  The  signal  levels  here  are  plotted  relative  to  the  median  for  each  path, 
the  medians  are  displaced  by  5  dB  intervals  for  clarity,  and  the  abscissa  scale  is  a  normal  probability 
scale.  The  slopes  of  the  central  portion  of  each  curve  are  very  nearly  the  same,  and  small,  so  that  the 
spread  between  the  10%  and  90%  points  is  within  _+  3  dB  in  all  cases.  It  also  appears  from  these  curves 
that  three  propagation  regimes  may  exist  on  these  paths,  i.e.,  the  central  portion  already  referred  to,  a 
regime  of  significant  signal  enhancement  and  a  regime  of  moderate  signal  fading. 

In  the  west-to-east  progression  of  UHF  transmitter  sites  from  Transfer  Hill  to  Cockburn  Lake  there  is 
a  matching  progression  of  diminishing  path  clearance  and  this  correlates  strongly  with  the  degree  of 
signal  enhancement  observed.  Thus  at  the  99%  probability  level  the  enhancements  above  the  median  are 
4,7  dB,  6.9  dB,  10.6  dB  and  18.3  dB,  respectively,  for  the  paths  Transfer  Hi  1 1 -Schomberg  Peak,  Schomberg 
Peak-Cockburn  Peak,  Cockburn  Peak-Lowther  Peak,  and  Cockburn  Lake-Lowther  Peak.  This  presumably  results 
when  the  gradient  of  the  atmospheric  refractive  index  becomes  so  negative  as  to  make  the  earth  appear 
almost  flat  to  the  radio  waves  which  then  propagate  unobstructed.  The  degree  of  enhancement  on  the 
shortest  and  clearest  path,  Lowther  Peak-Martyr  Peak,  does  not  follow  this  progression,  being  larger  than 
expected  for  small  percentages  of  time.  The  enhancements  observed  on  this  path  occur  in  conjunction  with 
deep  fading  events  and  are  of  short  duration;  they  are  probably  caused  by  ducting  or  focussing  of  the 
radio  waves  and  differ  from  the  enhancements  on  the  other  UHF  paths  which  last  for  hours  or  days.  This 
behavior  may  reflect  a  real  meteorological  difference  between  the  path  from  Lowther  Peak  to  Martyr  Peak 
and  the  other  UHF  paths  at  this  season.  The  eastern  end  of  the  channel  remains  largely  ice-free  for  much 
of  the  period,  while  ice  cover  is  rarely  broken  at  the  western  end.  This  undoubtedly  Influences  the 
atmospheric  temperature  and  humidity  profiles  along  the  paths. 

The  same  data  are  presented  with  a  logarithmic  abscissa  scale  in  Figure  5.  The  remaining  conventions 
are  the  same  as  in  Figure  4.  This  presentation  emphasizes  the  third  portion  of  the  UHF  signal 
distributions,  where  moderate  fading  occurs.  Clearly  this  is  significant  only  on  the  paths  from  Lowther 
Peak  to  Martyr  Peak  and,  to  a  smaller  extent,  from  Schomberg  Peak  to  Cockburn  Peak.  In  both  cases  the 
data  can  be  well  represented  by  a  change  of  signal  level  of  8  dB  per  decade  of  time,  with  a  very  distinct 
break  from  higher  signal  levels  at  about  5%  and  0.5%  fractional  occurrence,  respectively.  This  factor  of 
ten  difference  in  percentage  occurrence  of  signal  fading  on  these  paths  and  the  almost  total  absence  of 


fading  on  the  Transfer  Hi  1 1 -Schomberg  Peak  path  may  be  additional  evidence  of  meteorological  differences 
between  the  eastern  and  western  parts  of  the  region.  The  stability  of  the  longer  paths  from  Cockburn 
Peak  and  Cockburn  Lake  to  Lowther  Peak  is  very  striking  and  is  presumably  related  to  the  small  path 
clearances  which  may  prevent  multipath  propagation  from  occurring.  Inspection  of  the  original  fading 
data  leads  to  the  conclusion  that  all  the  deep  fading  is  probably  due  to  multipath  propagation,  but  this 
is  clearly  a  rare  phenomenon,  at  least  at  this  season. 

There  is  no  hint  in  the  UHF  signal  levels  of  any  diurnal  variation  even  though  this  was  the  season 
where  such  effects  would  be  most  likely.  The  typical  time  scale  of  variation  is  several  days, 
corresponding  roughly  to  the  movement  of  major  air  masses.  On  some  occasions  a  progression  of 
propagation  effects  was  clearly  noted,  and  is  likely  associated  with  weather  fronts  which  were  observed 
to  move  from  west  to  east.  It  would  seem  that  the  almost  total  inhibition  of  convection  by  the  nearly 
isothermal  sea  surface  is  the  main  factor  in  preventing  signal  variations  on  the  diurnal  scale. 

3.2  VHP  Results 

The  behaviour  of  the  VHP  paths  was  strikingly  different  from  that  of  the  UHF  paths  as  shown  in 
Figures  4  and  5,  where  AA  refers  to  the  VHP  path  between  Acland  Acres  and  Lowther  Peak  and  CF  to  that 
between  Cockburn  Flats  and  Lowther  Peak.  The  central  portion  of  the  data  from  Acland  Acres  are  not 
approximately  linear  on  the  normal  probability  scale  of  Figure  4,  as  in  the  case  of  the  UHF  data. 
Inspection  of  the  VHF  records  from  Acland  Acres  reveals  a  tendency  for  the  signals  to  cluster  about  two 
levels  separated  by  15  to  20  dB.  This  is  reflected  in  Figure  4  where  the  cumulative  time  in  the  lower 
state  is  about  20  to  25%  of  the  total,  and  the  transition  to  the  upper  state  begins  at  about  80% 
probabi 1 ity. 

This  behaviour  could  be  attributed  to  an  equipment  malfunction,  but  is  believed  to  be  real  largely 
because  of  the  good  agreement  observed  between  the  measurements  of  the  signals  from  Acland  Acres  and 
Cockburn  Flats,  which  were  independent  of  each  other.  Only  at  the  times  of  high  signal  level  from  Acland 
Acres  did  the  signal  from  Cockburn  Flat  become  measurable  and  at  these  times  the  correspondence  of  signal 
variations  on  the  two  paths  was  excellent  but  not  exact.  The  median  signal  levels  were  depressed  in  both 
cases:  the  median  from  Acland  Acres  was  about  16  dB  lower  than  expected,  and  that  from  Cockburn  Flats  at 
least  20  dB  lower  than  expected  although  some  of  this  latter  reduction  may  be  the  result  of  foreground 
terrain  blocking.  In  addition  the  VHF  signals  tended  to  be  strongest  at  times  of  enhancement  of  the  UHF 
signals  from  Cockburn  Peak  and  Cockburn  Lake,  which  shows  that  both  sets  of  signals  respond  to  the  same 
large-scale  air  mass  variations.  An  example  of  this  correlation  of  VHF  and  UHF  signal  strength  is  shown 
in  Figure  6.  The  previously  discussed  close  correspondence  of  the  signals  on  the  two  VHF  paths  is  also 
demonstrated  in  Figure  6,  as  the  signal  from  Acland  Acres  abruptly  drops  to  the  lower  state  in 
correlation  with  the  loss  of  the  signal  from  Cockburn  Flats. 

This  unusual  behaviour  on  the  VHF  paths  may  be  plausibly  explained  as  the  consequence  of  strong  and 
stable  stratification  of  the  lowest  200  metres  of  the  atmosphere,  which  produces  pronounced  ducting  of 
the  radio  waves  launched  from  near  the  sea  surface.  Normal  propagation  could  occur  only  if  the  strata 
were  displaced  by  intrusion  of  other  air  masses,  and  significant  enhancements  would  require  the  duct 
thickness  to  increase  to  include  the  Lowther  Peak  receiver  as  well  as  the  low  elevation  transmitters. 

The  rarity  of  multipath  propagation  at  UHF  is  compatible  with  this  hypothesis,  since  propagation  between 
elevated  points  would  occur  almost  always  above  the  sea-based  duct.  If  the  hypothesis  is  correct,  then 
superior  propagation  reliability  may  be  attained  by  lowering  the  elevated  end  of  the  path,  so  that  both 
transmitter  and  receiver  are  within  the  same  stratum.  This  will  be  the  subject  of  further  investigation. 

As  in  the  case  of  the  UHF  paths,  no  diurnal  variation  of  received  signal  level  was  found  in  the  VHF 
data.  However,  there  is  some  indication  that  a  seasonal  dependence  may  exist,  as  the  fraction  of  time 
for  which  the  received  VHF  level  was  observed  in  the  lower  state  increased  steadily  throughout  the  period 
of  observation. 


4.  CONCLUSIONS 

During  the  summer-to-winter  transition  season  (mid-August  to  early  November)  UHF  propagation  on  five 
paths  between  elevated  points  in  the  central  Arctic  islands  of  Canada  was  found  to  be  highly  reliable. 
Fading  greater  than  10  dB  below  median  levels  was  observed  on  only  the  eastern-most  path,  which  may 
indicate  a  longitude-dependent  climatic  variation  of  radio  propagation  conditions  along  the  Northwest 
Passage.  On  two  VHF  paths,  each  between  an  elevated  point  and  one  near  sea-level,  median  signal  levels 
were  at  least  16  dB  worse  than  expected,  which  is  believed  to  be  a  consequence  of  strong  ducting  of  the 
signal  launched  near  the  sea  surface.  No  diurnal  variations  were  found  on  either  the  VHF  or  UHF  paths, 
but  a  seasonal  effect  may  be  present  in  the  VHF  data. 
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DISCUSSION 


K.D.  Anderson  (U.S.):  Do  you  have  any  supporting  meteorological  measurements? 

S.  McCormick  (Canada):  No  supporting  meteorological  measurements  have  been  made  in  this  particular 
experiment.  We  are  planning  an  expansion  of  the  studies  in  198k,  and  hope  to  use  an  acoustic  sounder  to 
give  a  qualitative  assessment  of  atmospheric  layers  which  also  may  be  present. 
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SUMMARY 

-Current  coverage  diagrams  for  certain  airborne  microwave  equipments  are  of  the  greatest  interest  to 
their  operators;  these  equipments  include  radars,  navigation  aids,  communications,  countermeasures  sets 
and  command  links.  A  corresponding  interest  in  current  coverage  resides  with  operators  of  similar  surface 
equipments  that  deal  with  airborne  targets.  These  coverage  diagrams  are  affected,  of  course,  by  large- 
scale  atmospheric  refraction  and  super-refraction.  Techniques  of  operational  use  for  sounding  the 
meteorological  and  radioelectrical  characteristics  of  the  troposphere  are  reviewed  briefly  together  with 
coverage  prediction  methods.  It  is  concluded  that  there  is  an  unreasonable  reliance  on  horizontal  homo¬ 
geneity  in  the  current  prediction  techniques  coupled  with  inadequate  lateral  spatial  sampling  of  the 
tropospheric  structure.  It  is  argued  that  work  should  be  directed  towards  devising  sounding  techniques 
of  lower  operating  costs,  though  with  sufficient  accuracy,  so  that  the  spatial  sampling  is  adequate. 

And,  further,  that  computer  prediction  methods  should  be  extended  to  accommodate  multiple  spatial  samples 
and  interpolate  the  tropospheric  structure  between  sampling  locations. 


1.  INTRODUCTION 

"1976  was  a  year  in  which  one  of  those  rare  events  occurred  in  England,  we  were  blessed  with  a 
summer.  It  was  on  4  July  1976  that  I  found  myself  flying  a  surveillance  aircraft  over  the  North  Sea  and 
faced  with  a  perplexing  problem.  My  aircraft  was  at  about  3500  feet  and  my  radar  equipment  was 
serviceable.  Why,  then,  did  I  have  a  totally  blank  radar  screen?  Moreover,  I  was  finding  it  difficult 
to  communicate  with  the  ground  agency,  experiencing  periods  of  total  communications  loss.  The  gods  seemed 
to  be  against  me  that  day.  Intuitively  I  applied  aircrew  logic:  'if  it  doesn't  work  well  here,  let's  see 
how  well  it  doesn't  work  somewhere  else'!  I  had  the  aircraft  descend  to  2000  feet.  My  action  seemed  to 
please  the  gods,  the  radar  picture  bloomed  into  life  and  the  radio  c racked  into  my  ears  as  if  it  had 
stored  its  energy  for  the  previous  2  hours". 

If  this  opening  paragraph  reads  like  the  introduction  to  an  Air  Forces  fiction  story,  let  me  assure 
you  that  it  is  not.  However,  it  does  record  my  introduction  to  a  phenomenon  of  which  I  had  been  informed 
but,  like  many  aircrew,  had  chosen  to  ignore.  I  refer,  of  course,  to  Anomalous  Propagation  or  Anaprop. 
What  was  of  more  interest  to  me,  however,  was  not  the  phenomenon  but  the  operational  effect.  For  2  hours, 
low  level  surveillance  had  been  totally  denied  by  Anaprop  caused  by  a  duct  between  2800  and  3200  feet.  A 
less  fortunate  aviator  may  well  have  returned  to  base  recording  an  equipment  failure.  Had  this  layer 
presence  apd  its  effect  been  predicted  it  would  have  saved  the  loss  of  2  hours  operational  flying  time. 
Since  that  year  I  have  taken  an  interest  in  the  science  of  propagation  from  the  point  of  view  of  a  systems 
user.  There  have  been  some  interesting  discoveries  and  I  have  come  to  some  specific  conclusions.  It  is 
these  discoveries  and  conclusions  that  are  discussed  in  this  paper. 

The  first  section  is  a  brief  review  of  some  of  the  systems  available  for  use  in  trying  to  determine 
layer  presence  and  assess  their  possible  effects.  The  second  section  discusses  the  application  of  these 
equipments  and  highlights  some  of  their  operational  limitations.  The  third  section  draws  some  conclusions 
and  suggests  some  useful  research  effort  could  be  channelled  towards  cheap  simple  sensors  that  might  be 
distributed  on  such  a  scale  as  to  improve  lateral  assessment  of  ducting  layers. 

2.  ATMOSPHERIC  MEASURING  AND  PROPAGATION  MODELLING  SYSTEMS 

Here,  a  detailed  exposition  of  the  relationship  between  pressure  temperature  and  humidity  and  their 
lapse  rate  variations  that  give  rise  to  propagation  anomalies  will  not  be  presented:  Bean  and  Dutton^1) 
is  a  suitable  treatise  for  reference.  Tropospheric  propagation  anomalies  affect  electromagnetic  waves 
of  frequency  30  MHz  and  higher.  Moreover,  the  shorter  wavelengths  are  more  prone  to  ducting  than  the 
longer  wavelengths.  Burrows  and  Attwood'*)  conveniently  summarize  the  effect 

"At  an  interface  between  2  media  of  different  refractive  indices  there  is  partial  reflection  of 
radiation  for  any  angle  of  incidence,  but  when  the  phenomenon  (partial  reflection  and  partial 
transmission)  takes  place  in  a  layer  of  finite  thickness,  the  reflected  radiation  is  appreciable 
only  at  angles  near  grazing.  Furthermore,  the  reflection  coefficient  increases  with  increasing 
wavelength.  This  feature  distinguishes  reflection  by  a  layer  from  reflection  within  a  layer 
(ducting)  as  the  latter  tends  to  become  less  pronounced  for  longer  wavelengths.  Reflection  by  a 
layer  gives  rise  to  additional  field  strengths  near  the  ground  for  an  emitter  below  the  duct  well 
beyond  the  optical  horizon". 

Partially  transmitted  waves  are  refracted  or  super  refracted  away  from  the  norm.  Moreover,  it  is 
evident  that  the  ducting  layer  is  not  impervious,  the  layer  acts  prismatically  until  the  angle  of 
incidence  between  the  ray  and  the  layer  is  less  than  1°  in  which  case  it  acts  as  a  reflector.  The 
relative  position  of  this  reflection  to  an  emitter  depends  on  the  vertical  separation  between  the 
emitter  and  the  layer.  These  facts  have  considerable  tactical  applications.  A  surveillance  radar  can 
achieve  enhanced  range  detections  by  duct  trapping  or  reflection.  On  the  other  hand,  the  trapping  effect 
of  a  duct  leaves  gaps  in  the  normal  surveillance  radar  coverage  which  could  allow  intruding  aircraft  to 
approach  without  detection  if  the  latter  were  aware  of  these  "holes". 


i 
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The  crux  of  the  matter  is  that  in  order  to  employ  these  tactics  one  has  to  be  able  to  detect  the 
presence  of  a  layer,  preferably  in  advance  of  deploying  aircraft,  and  then  determine  the  possible  effect 
of  the  layer  on  the  various  systems  employed.  As  this  effect  varies  as  a  function  of  wavelength, 
determination  can  be  complex.  Equipments  operating  at  10-20  GHz  are  likely  to  suffer  different  anomalies 
than  equipments  operating  at  500-1000  MHz.  When  one  examines  the  range  of  systems  available  to  a 
military  user  for  conmunication  and  information  gathering  purposes,  one  begins  to  appreciate  the  problem. 
Examples  are: 

Primary  Radar 
Navigation  Aids 

Secondary  Surveillance  Radar  (SSR) 

Microwave  Identification  Systems  (IFF) 

Radio  Communi cation  Equipments 

Telemetry 

Command  Links 

Radiometers 

Countermeasures  Emitters 
Electronic  Warfare  Support  Measures 

These  equipments  may  be  installed  on  either  the  airborne  element  or  the  terrestrial  element.  They 
cover  a  large  and  increasing  portion  of  the  spectrum  and  rely  on  the  atmosphere  as  their  medium  for  trans¬ 
mission.  Thus,  they  are  liable  to  disruption  from  propagation  anomalies.  If,  however,  foreknowledge  of 
duct  presence  were  available  to  a  user  action  could  be  taken  to  avoid  the  problem  or  put  the  phenomenon  to 
practical  use.  So  what  facilities  are  available  to  the  user  to  accomplish  this?  As  regards  detection,  a 
variety  of  sondes  have  been  developed  as  well  as  ref ractometers  and  remote  sensing  devices.  An  outline  of 
the  instruments  is  now  presented. 

2.1  BALLOON  RADIOSONDES 

Balloon  radiosondes  are  a  familiar  tool  in  radiometeorology.  From  selected  ground  stations, 
sondes  are  released  at  regular  intervals,  usually  midday  and  midnight,  and  samples  of  atmospheric 
pressure,  temperature  and  humidity  are  relayed  to  a  ground  receiver.  In  the  United  Kingdom,  this  is 
the  mainstay  of  atmospheric  condition  measurement.  The  release  stations  are  distributed  as  shown  in 
fig  1.  The  inland  stations  are  not  shown,  because  for  the  purposes  of  this  paper  it  is  the  coastal 
units  that  are  of  great  interest.  Examination  of  the  distribution  reveals  the  large  horizontal 
separation  between  release  stations.  This  is  important  as  it  points  to  the  large  uncertainty  in 
atmospheric  structure  between  the  stations.  A  balloon  sonde  gives  a  useful  indication  of  the 
atmospheric  structure  above  the  release  point  but  no  accurate  indication  on  conditions  even  1  km 
away.  However,  note  the  sonde  information  is  also  open  to  error.  The  sensitivity  of  the  humidity 
element  is  poor  once  saturated  because  its  recovery  time  is  long.  There  are  other  problems: 
response  time  of  the  humidity  and  temperature  sensors  to  temperature  changes,  thermal  lag,  hysteresis 
and  contamination  of  the  humidity  sensor  lead  to  inaccuracies.  Additionally,  the  sampling  rate  allows 
the  sonde  to  ascend  through  thin  layers  without  detecting  them.  Hence,  the  balloon  sonde  can  give  an 
underestimation  of  duct  presence.  This  is  most  pertinent  in  the  first  200  m  of  an  ascent. 

2.2  MINI  REFRACTION SONDE 

A  recent  development  at  the  Naval  Air  Development  Centre  (NADC)  in  America  has  been  the  mini 
refractionsonde:  it  is  primarily  designed  to  overcome  the  difficulties  of  release  at  sea.  Because 
it  is  single  man  pcrtable/releasable  and  extremely  light  weight  it  is  hoped  that  smaller  military 
ships  will  make  use  of  this  sonde  thereby  obtaining  more  information  (laterally)  of  the  atmosphere 
surrounding,  say,  a  Navy  Task  Force.  The  ascent  rate  is  3.6  m/s  and  sampling  is  every  400  ms 
allowing  a  complete  date  frame  every  1.4  m.  A  Finnish  company,  Vaiasala,  have  developed  a  similar 
equipment  with  compatible  performance  to  that  of  the  NADC  sonde.  The  former  is  already  commercially 
produced  but  is  slightly  heavier  and  has  bulkier  ground  equipment  than  the  latter.  The  accuracy  of 
parameter  measurement  is  compatible  with  that  of  the  dropsonde  discussed  below, 

2.3  DROP SONDES 

One  of  the  main  difficulties  of  the  radio  sonde  has  been  flexibility  in  terms  of  release  points. 
The  largest  military  ships  can  release  sondes,  but  these  are  a  slow  transport  medium  and  it  requires 
3-men  to  release  the  sonde.  A  radically  different  sonde  application  is  the  dropsonde  deployed  from 
aircraft.  Because  of  the  high  aircraft  speed  several  sondes  can  be  deployed  in  areas  of  interest 
giving  a  high  spatial  sampling  in  a  short  period  of  time.  The  sondes  can  be  released  from  high 
altitude  (10  km)  and  descend  to  the  surface  under  parachute  retardation.  Two  examples  of  such  a 
sonde  are  being  used,  one  by  the  UK  Met  Office,  one  by  NADC.  Typical  descent  rates  average  at  about 
10  m/s  and,  because  the  sonde  is  of  recent  design,  several  sondes  can  be  monitored  at  the  same  time 
giving  a  near  real  time  indication  of  a  3-dimensional  atmospheric  structure  within  a  specific  area. 
Additionally,  the  sampling  rates  are  higher  than  in  the  balloon-sonde  leading  to  higher  reliability 
of  duct  detection.  Moreover,  recovery  .•  i.meB  are  better  and  furthermore,  because  the  sonde  has 
acclimatised  by  the  time  it  reaches  ground  level,  the  readings  in  the  sea-level  to  200  m  bracket  are 
more  accurate.  However,  thermal  lag  is  Btill  a  significant  problem.  Typical  accuracies  are 

Temperature  measurement  to  ±  0.5°C  rras 
Pressure  measurement  to  ±  2mbar  rms 
Humidity  measurement  to  t  52  rms 

2.4  REFRACTOMETERS 

We  have  noted  that  sondes  are  useful  but  have  significant  limitations.  They  can  only  give 
indications  of  atmospheric  structures  directly  above  or  below  release  points,  but  lateral  extent 
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indications  requires  extrapolation  of  the  data.  One  equipment  that  can  assist  in  horizontal 
structure  determination  is  the  ref ractometer.  Airborne  ref ractometers  are  not  new  equipments,  Bean 
and  Dutton  discuss  several.  However,  only  recently  has  an  Airborne  Microwave  Refractometer  (AMR) 
been  used  consistently  by  a  military  unit.  An  externally  mounted  aircraft  system  employing  a 
microwave  cavity  has  been  evaluated  by  the  American  Navy  E-2C.  Usually,  however,  the  atmosphere  is 
sampled  during  climbout  and  descent  only,  but  could  be  used  to  confirm  lateral  extents  of  hori¬ 
zontal  layers.  However,  employing  aircraft  to  do  this  is  very  expensive  in  fuel  and  diverts  it 
from  its  military  task.  Nevertheless,  the  quoted  accuracy  of  measurement  is  to  t  2N  units 
(refractivity  units)  which  satisfies  determination  criteria  for  layer  presence. 

2.5  GROUND  BASED  SENSORS 

In  the  mid-60s  radars  were  first  used  to  examine  the  atmosphere  in  clear-air  conditions.  More 
recently  sensitive  doppler  radars  have  been  developed  to  obtain  usable  signals  from  all  heights  in 
the  troposphere.  Fixed  single  beam  doppler  systems  have  been  used  to  obtain  atmospheric  profiles 
above  the  radar  station.  To  cover  a  lateral  area  of  25  km  x  25  km,  pairs  of  scanning  doppler 
systems  have  been  used  giving  indications  of  air  mass  boundaries,  wave  structures,  stable  layers 
and  convective  thermals.  Pk  James'3)  discusses  these  various  techniques  and  shows  interesting 
examples  of  the  radar  output  where  distinct  layers  and  waves  can  be  seen.  James  concludes  that  it 
may  be  economical  to  replace  radiosonde  ascents  with  remote  sounders  able  to  produce  continuous 
profiles  from  an  unattended  station  (see  also  Little  1982^)). 

2.6  SATELLITE  OBSERVATIONS 

Recently,  interest  has  developed  in  the  field  of  monitoring  satellites  to  examine  whether  they 
can  be  used  to  determine  propagation  conditions  over  an  extended  area.  Two  such  studies  are  worthy 
of  mention.  The  first  is  Direct  Inference  Techniques  (DIT).  The  technique  is  discussed  by 
Anderson^)  and  employs  monitoring  of  satellite  rf  signals  using  methods  developed  by  Hitney  on 
Passive  Refractive  Index  by  Satellite  Monitoring  (PRISM).  DIT  utilize  observed  differences  between 
the  direct  and  sea  reflected  path  lengths  to  deduce  the  true  elevation  angles  at  the  ground  station. 
By  calculating  the  null  locations  for  a  number  of  assumed  refractive  profiles  based  on  the  known 
elevation  angles  from  orbit  parameters  and  comparing  the  modelled  null  locations  with  the  observed 
over  a  period  of  time,  a  best  fit  is  obtained  thereby  yielding  a  representation  of  the  true 
refractive  structure. 

The  geometry  is  shown  in  Fig.  2.  Once  the  path  length  difference  has  been  established  the 
elevation  angle  of  nulls  for  each  of  a  number  of  assumed  refractive  profiles  is  calculated.  The 
ground  range  to  the  satellite  can  then  be  obtained.  Comparison  of  the  computed  and  observed  ranges 
gives  the  assumed  profile  which  meets  the  best  fit  of  the  atmospheric  profile.  However,  the  results 
obtained  were  unreliable,  predicting  correctly  on  just  over  50Z  of  occasions.  Anderson  concluded 
that  phase  sensitive  inversion  processes  were  of  doubtful  use  for  extracting  refractivity  profiles 
for  operational  use.  The  second  method  is  a  proposal  to  use  a  convolution  technique  to  determine 
refractive  profiles  by  tracking  satellites  as  they  appear  over  the  horizon.  A  paper  by  Fernandez  and 
Chambers'”)  describes  the  proposed  technique. 

2.7  PREDICTION  SYSTEMS 


There  are,  therefore,  several  methods  available  to  detect  the  presence  of  ducts  and  discussion 
below  assesses  their  practicalities.  But,  of  more  interest  to  the  user  is  not  whether  a  duct  is 
present,  but  what  effect  this  duct  will  have  on  his  operational  system.  Thus  a  prediction  system  is 
needed.  Ray  tracing  techniques  have  been  available  for  many  years  but  advances  in  computer  techniques 
have  allowed  them  to  be  implemented  into  a  software  program  for  use  in  real  time  prediction  systems. 
The  basic  technique  is  to  feed  into  a  computer  model  the  radar  or  communication  parameters  of 
interest,  combine  these  with  the  atmospheric  conditions  of  the  day  and  produce  a  prediction  of 
expected  radar  or  radio  coverage.  A  prominent  computer  model  today  is  IREPS  (Integrated  Refractive 
Effects  Prediction  System)  which  has  been  described  by  Hitney'').  The  radar/communication  data  can 
either  be  input  manually  or  called  from  store.  The  atmospheric  data  can  be  read  from  the  E-2C  AMR, 
a  dropsonde  or  a  conventional  radiosonde.  The  printout  of  IREPS  gives  an  indication  of  the  height 
of  a  layer  in  the  form  of  1  K  or  J  N  graphs,  a  signal  path  loss  diagram  and  a  system  coverage 
diagram.  An  example  of  the  coverage  diagram  for  a  1  GHz  radar  at  3500  is  shown  in  Fig  3,  the  shaded 
area  indicates  coverage  of  a  150  m  system.  A  user  can  obtain  predicted  propagation  ranges  for  radar, 
communication  and  passive  detection  systems.  A  system  designed  at  a  later  date  in  the  United 


Kingdom  produces  similar  outputs  and  is  referred  to  as  the  Indicator  of  Microwave  Propagation 


(8) 


One  interesting  point  about  both  these  systems  is  that  they  use  the  input  of  a  single  atmospheric 
vertical  profile  and  assume  horizontal  homogeneity. 


(IMP). 


3.  DISCUSSION 


It  has  emerged  that  a  fundamental  assumption  underlying  the  use  of  these  equipments  is  that  of 
horizontal  homogeneity.  The  larger  lateral  separation  between  UK  sonde  release  stations  has  been 
mentioned.  Dropsondes  can  have  a  reasonable  lateral  separation,  and  this  can  be  varied  as  required. 
Aircraft  mounted  refractometers  only  make  one  assessment  during  an  ascent.  Thus  any  prediction  from  a 
layer  presence  determination  must  assume  some  level  of  horizontal  homogeneity.  How  valid  are  such 
assumptions?  Glevy'9)  stated  that  the  assumption  of  horizontal  homogeneity  could  be  expected  to  be 
correct  for  a  majority  of  time.  However,  his  work  was  carried  ut  in  relation  to  the  Pacific  Ocean  in 
areas  of  stable  anti-cyclonic  air  masses.  Results  of  refractometer  assessment  suggested  that  horizontal 
homogeneity  assumptions  were  reasonable  provided  that  no  major  landmass  was  within  80  km  if  the  aircraft 
was  flying  to  leeward  and  further  that  homogeneity  could  not  be  expected  to  hold  true  across  a 
significant  air  mass  boundary  such  as  a  weather  front.  These  E-2C  findings  highlight  the  problem  of  warm 
air  overland  disrupting  the  low  level  structure  of  the  atmosphere.  For  example  hilly  terrain  and  cities 
would  alter  the  levels  and  temperatures  of  any  horizontal  layers  above  them.  At  a  weather  front,  an 
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incoming  low  pressure  area  would  destroy  any  stable  anti-cyclonic  airmass  layers  thereby  defeating  the 
homogeneity  assumption.  This  latter  assessment  was  carried  out  in  the  Mediterranean,  another  area  of 
consistent  anti-cyclonic  air  masses.  Additionally,  in  both  these  areas,  only  over-sea  paths  were 
monitored. 

What  of  areas  like  the  North  Sea?  As  indicated  in  my  opening  paragraph  anaprop  can  be  operationally 
significant.  Furthermore  a  study  by  GTE  Sylvania^^)  suggested  that  ducting  occurs  for  up  to  16T  of 
occasions  in  the  summer  months.  Unfortunately,  consistent  anti-cyclonic  air  masses  are  a  rarity  but  air 
patterns  tend  to  change  from  high  to  low  pressure  over  relatively  short  periods.  Nevertheless  anaprop 
still  leads  to  problems.  Analysis  is  made  more  complex  by  the  proximity  of  coastal  regions,  the  lack  of 
sounding  apparatus  in  the  North  Sea,  the  disperse  spread  of  sonde  release  stations  around  the  North  Sea 
coasts  and  the  impact  of  local  hot  spots  such  as  oil  fields  and  coastal  locations.  On  a  majority  of 
occasions,  assuming  horizontal  homogeneity  for  oversea  paths  in  the  Mediterranean  may  be  acceptable. 

For  areas  such  as  the  North  Sea  it  is  less  likely  to  be  so. 

If  then,  the  user  cannot  assume  horizontal  homogeneity  what  can  he  do?  He  could  try  to  improve  the 
lateral  extent  of  his  sounding  coverage.  Currently,  in  the  UK,  no  dropsondes  or  ref ractometers  are  in 
widespread  use.  The  expense  of  using  these  systems  for  dedicated  purposes  could  be  prohibitive,  but  they 
could  be  used  as  supplementary  capabilities  to  existing  aircraft.  However  at  present  the  user  has  to  rely 
on  the  radiosonde  releases.  They  are  so  dispersed  as  to  be  incapable  of  providing  reliable  horizontal 
indications  of  atmospheric  structure.  Moreover,  their  release  times  of  mid-day  and  midnight  are  currently 
impractical  for  a  user  who  requires  as  near  real-time  data  as  possible.  Furthermore,  the  coastal 
locations  of  these  release  stations  makes  them  prone  to  on  and  off  shore  airmasses  giving  rise  to  local 
coastal  ducts  (witness  coastal  sea  fog).  Thus,  to  give  the  user  a  reasonable  level  of  confidence  in 
propagation  prediction  a  more  extensive  lateral  system  of  sounding  needs  to  be  employed  to  cover  the 
horizontal  variations  in  ducting  layers  as  shown  in  Fig  4. 

What  might  be  reasonably  done?  Deploying  many  more  sonde  stations  would  be  expensive,  likewise  the 
provision  of  a  network  of  ground  based  doppler  sensors.  Satellite  techniques  are  only  embryonic  at  the 
moment  and  again  would  require  extensive  signal  processing  to  make  them  suitable  for  a  user  and  inference 
techniques  seem  to  be  of  little  use.  Additionally,  there  is  the  problem  of  over  sea  operation  as  well  as 
overland.  What  is  needed  is  a  simple,  cheap,  effective  technique  for  detecting  ducting  layers  in  as  near 
real  time  as  possible  so  that  data  can  be  fed  into  a  computer  which  will  accept  multi  profile  inputs 
thereby  giving  predictions  of  coverage  for  different  areas.  This  may  not  be  as  complex  as  it  sounds. 

Already,  signal  strength  measurements  are  carried  out  between  ground  based  receivers  and  emitters. 
Accurate  indications  of  ducting  presence  can  be  obtained  by  assessing  the  variation  in  signal  strengths. 
For  example  the  British  Telecom  measurements  between  East  Anglia  and  Holland  do  exactly  this  for  paths 
over  the  North  Sea.  An  extension  of  these  techniques,  although  initially  expensive,  over  the  UK  and 
between  the  UK  and  other  European  coastal  countries  could  go  some  way  to  solving  lateral  problems. 
Additionally  a  system  of  weather  radars  with  quite  a  large  lateral  coverage  in  the  Southern  UK  and 
Southern  North  Sea  (see  Fig  5)  use  techniques  to  combat  anaprop  as  the  latter  manifests  on  the  display  as 
rainfall.  Inverting  these  techniques  may  well  allow  other  users  to  put  the  information  to  tactical 
advantage. 

I  quote  these  two  methods  as  examples  of  cheap,  simple  but  effective  techniques.  Certainly  in  the 
long  term  they  are  cheap  because  they  already  exist  for  other  uses.  Their  effectiveness  in  propagation 
determination  is  yet  to  be  proven  completely,  but  the  results  of  British  Telecom  Research,  Martlesharo, 
have  proved  very  reliable  in  determining  duct  presence  over  the  southern  North  Sea.  Simple  is  of 
course  relative,  but  it  does  not  rely  on  dedicated  systems  such  as  radars  or  sondes  but  on  interpreting 
data  already  in  existence.  Moreover,  they  deal  with  layers  on  three  dimensions  rather  than  just  the  one 
or  two  dimensional  measurements  currently  in  existence.  Obviously,  feeding  this  information  to  user 
interested  parties  would  involve  some  form  of  central  communicating  body.  However,  this  would  have  the 
advantage  of  pooling  information  such  as  radiosonde  information,  weather  forecast,  signal  strength 
measurements  from  various  parts  of  the  country  and  possibly  radar  detection  of  anaprop.  The  advent  of 
digital  data  links  over  telephone  lines  makes  this  a  viable  proposition.  Moreover,  computer  prediction 
could  take  place  on  board  of  large  aircraft  or  at  the  squadron  headquarters  of  smaller  short  flight 
fighter  aircraft.  This  brings  me  to  my  second  point.  Multi-lateral  sensor  inputs  would  require  a 
modification  to  the  single  input  computer  prediction  programs.  This  seems  only  sensible  as  to  cope  with 
varying  horizontal  structures  requires  a  more  flexible  prediction  approach.  However,  developing  such  a 
model  I  agree  may  be  difficult  and  expensive.  On  the  other  hand,  it  may  be  that  with  the  improvement  in 
mass-produced,  cheap  high  technology  a  technique  to  fulfil  horizontal  extent  measurement  could  be 
developed.  Either  way,  I  feel  there  is  a  need  to  put  some  effort  into  research  into  filling  this  gap  in 
anaprop  detection  and  prediction  techniques  and  hope  that  the  concern  of  a  user  may  prompt  such  research. 
There  is  a  quandary.  Because  of  the  UK  weather  patterns,  lateral  measurement  attempts  may  prove  fruit¬ 
less.  This  is  the  whole  point.  Until  practical  lateral  measurements  are  taken  on  a  large  scale,  we  will 
never  know. 

4.  CONCLUSIONS 

Current  sounding  techniques  are  limited  in  their  ability  to  give  an  indication  of  the  lateral  extent 
of  ducts.  Thus  for  prediction  purposes  horizontal  homogeneity  has  to  be  assumed.  However,  this 
assumption  is  valid  only  in  areas  of  consistent  anti-cyclonic  airmasses  such  as  the  Pacific  Ocean.  The 
assumption  is  not  valid  in  areas  of  constantly  changing  airmasses  such  as  the  UK  and  North  Sea.  The 
latter  areas  are  also  prone  to  local  variations  caused  by  coastal  regions,  cities  and  topography.  The 
sounding  methods  employed  in  this  area  (typical  of  most  world  regions)  are  incapable  of  dealing  with 
these  variations.  For  a  user  to  be  able  to  avoid  the  problems  caused  by  anaprop  or  to  put  it  to  his 
advantage  he  must  be  aware  of  its  presence  and  what  effect  it  may  have  on  his  operational  system.  Thus, 
a  near  real  time  detection  and  prediction  method  is  called  for  which  positively  addresses  the  problem  of 
horizontal  extent.  Without,  this  form  of  technique  it  seems  unlikely  that  users  will  be  able  to  exploit 
anaprop  with  any  degree  of  confidence. 
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FIG.  1  DISTRIBUTION  OF  RADIOSONDE  STATIONS  IN  NORTH  SEA  REGION 
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FIG.  4  SINGLE  SONDE  MEASUREMENT  AT  PTA  DOES  NOT  REFLECT  OVERALL  LAYOUT  OF  DUCT 
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DISCUSSION 


H.  Soicher  (U.S.):  Have  you  considered  using  remotely  powered  vehicles  for  your  refractometers? 

T.  Almond  (U.K.):  It  is  very  expensive.  Suppose  that  you  have  an  operational  squadron  that  wants  to  attack 
a  target.  The  atmosphere  of  interest  is  one  within  50  km  of  the  target.  One  argument  proposed  is  that 
you  could  mount  a  ref ractometer  on  a  remotely  piloted  vehicle,  send  it  in,  and  data-link  the  information 
back.  If  it  was  shot  down,  you  do  not  lose  a  pilot,  but  you  do  lose  the  tactical  surprise.  I  am  not 
saying  that  it  is  not  an  option.  It  is  just  one  that  I  did  not  consider  seriously. 

K.D.  Anderson  (U.S.):  I)  I  believe  that  horizontal  homogeneity  in  the  North  Sea  region  is  still  valid 
provided  you  have  synoptic  information. 

2)  Radars  are  generally  good  for  detecting  layers.  However,  it  is  very  difficult  to  reconstruct 
the  refractivity  profile  from  these  observations. 

3)  The  ideas  of  using  remotely  sensing  stations  to  monitor  field  strength,  in  order  to  estimate 
propagation,  is  being  examined. 

T.  Almond  (U.S.):  1)  I  agree,  but  the  problem  is  accentuated  by  the  coastal  soundings  trying  to 

extrapolate  for  over  sea  regions. 

2)  I  agree. 

T.J.  Boulton  (U.K.):  I)  Is  the  information  presented  by  the  Meteorological  Office  radars  easily 
assimulated,  differentiated,  and  understood  by  the  users  in  the  sky? 

2)  Can  the  computer-produced  picture  or  print-out  be  up-linked  to  aircraft? 

T.  Almond  (U.K.):  I)  yes.  2)  No. 

H.W.  Ko  (U.S.):  I  concur  with  your  comment  on  the  need  to  have  our  two  communities  communicate  more 
with  each  other.  The  stipulation  of  performance  criteria,  which  could  help  direct  decisions  such  as 
the  worthiness  of  horizontal  homogeneity  assumptions,  is  missing.  A  third  community,  the  systems  people, 
could  help  both  of  us  to  organize  our  thoughts,  list  our  requirements,  and  systematically  attack  each  issue 
with  technical  expedience. 

T,  Almond  (U.S.):  I  agree  entirely. 

M.P.M.  Hall  (U . K. ) :  Earlier  in  the  meeting,  you  discouraged  us  in  terms  of  what  we  could  get  from 
satellite  elevation  to  deduce  refractive  index  structure  in  three  dimensions.  How  can  you  expect  to  get 
information  about  refractive  index,  as  functions  of  height  and  horizontal  distance,  from  just  a  series 
of  error  angles  (which  are  functions  of  satellite  observed  angles)? 

T.  Almond  (U. K. ) :  Ken  Anderson  is  the  best  qualified  person  to  answer  your  question. 

K.D.  Anderson  (U.S.):  We  are  presently  looking  at  the  interference  pattern  from  a  beacon  satellite  at  low 
elevation  angles,  monitoring  the  location  of  the  nulls  with  respect  to  position,  and  trying  to  reconstruct 
the  atmospheric  profiles  from  this  information.  We  are  looking  for  very  large  structures  because  it  is 
almost  impossible  to  find  fine  structures.  Even  our  techniques  are  only  50%  valid,  and  thus  are 
operationally  insignificant. 

T.  Almond  (U .  K. ) :  This  slide  fits  Ken's  description.  His  information  was  really  only  accurate  in  1*0%  of 
the  cases,  and  therefore  was  not  useful  for  operational  aspects.  Sheffield  University  people  want  to  track 
a  satellite  as  it  comes  over  the  horizon,  and  compare  known  measured  and  apparent  positions.  The  problems 
were  considerable.  The  only  way  you  can  really  get  a  three  dimensional  idea  of  the  atmospheric  or  tropo¬ 
spheric  structure  is  with  several  tracking  stations  at  calculated  locations. 

K.D.  Anderson  (U.S.):  Small  scale  turbulence  is  the  limiting  factor  in  using  low  angle  satellites  for 
prof i le  inversion. 

E.  Vi lar  (U.K.):  This  is  only  a  comment.  We  are  using  several  techniques  for  remote  sensing,  with  the  goal 
of  locating  the  turbulent  layers  and  some  indication  of  the  intensity  of  the  structure  content  of  these 
layers.  Our  result  will  end  with  the  product  of  C  2  times  the  layer  position,  and  hopefully  another  value 
such  as  the  layer  thickness.  It  involves  a  combination  of  spectral  analysis  of  the  fluctuation  of  the 
signal  intensity,  direction  of  arrival,  and  an  extension  of  work  described  by  Professor  Biggs  in  Paper 
No.  29  (URS I -Commission  f  Meeting)  from  one  antenna  to  a  dual  antenna. 

R.G.  Blake  (U.K.):  This  is  only  a  comment.  Another  source  of  indications  of  duct  extent  could  be  the 
monitoring  of  enhancements  on  long  distance  tropospheric  scatter  links. 


SOME  OF  THE  PAPERS  PRESENTED  AT  THE  1983  IEEE  INTERNATIONAL  SYMPOSIUM  ON  ANTENNAS  AND 
PROPAGATION  AND  USHC/URSI  MEETING 


Albert  W.  Biggs 
Remote  Sensing  Laboratory 
Center  for  Research,  Inc. 
The  University  of  Kansas 
Lawrence,  Kansas  660A5,  USA 

SUMMARY 


The  1983  IEEE  International  Symposium  on  Antennas  and  Propagation,  held  jointly  with  the  USNC/URSI  Spring 
Meeting,  was  at  the  University  of  Houston,  Houston,  Texas,  USA,  from  May  23  to  May  26,  1983.  This  paper 
reviews  some  of  the  papers  presented  there.  The  papers  reviewed  are  In  the  areas  of  propagation  and 
scattering  from  randomly  distributed  particles.  Selection  was  made  to  correspond  with  similar  papers 
in  the  Electromagnet ic  Wave  Propagation  Panel  (EUPP)  Symposium  of  the  Advisory  Group  on  Aerospace 
Research  and  Development. 

1.  INTRODUCTION 

The  papers  reviewed  are  not  published  in  any  collected  format.  Requests  for  them  should  be  addressed  to 
the  authors  who  may  have  published  them  on  their  own  initiative. 

2.  PAPERS  ON  SCATTERING  FROM  RAIN  AND  OTHER  RANDOMLY  DISTRIBUTED  PARTICLES 


2.1  Results  from  19  and  29  GHz  Beacon  Signal  Measurements  with  COMSTAR  Satellites  at  Clarkson,  Maryland 

This  paper  was  written  by  Prabha  N.  Kumar,  Propagation  Studies  Department,  COMSAT  Laboratories,  22300 
Comsat  Drive,  Clarksburg,  MO  20871,  USA.  It  described  rain  attenuations  for  given  fade  depths.  Results 
are  used  for  de terminat ion  of  switching  interval  in  diversity  operations  and  the  transmitter  response  time 
for  power  control  operations  in  satellite  communications.  Another  parameter  affecting  performance  of 
earth-satellite  links  is  the  time  interval  distribution  between  fading  from  rain  attenuation.  This  para¬ 
meter  is  useful  for  commun i cat  ion  systems  which  repeats  a  message  if  a  fading  prevented  earlier  transmis¬ 
sions.  Data  was  summarized  for  four  years  of  beacon  signals  from  COMSTAR  satellites  on  fade  duration 
statistics  and  intervals  between  fades  statistics.  For  fade  depths  between  3  and  25  dB.  the  mean  fade 
duration  was  between  II  to  3.5  minutes  at  19  GHz,  and  from  16  to  7  minutes  at  29  GHz.  Seasonal  and 
annual  variations  of  these  fades  and  elevation  angle  dependence  was  also  described. 


2.2  Radiative  Transfer  Theory  for  Randomly  Distributed  Nonspherical  Particles 

This  paper  was  written  by  Akira  Ishimaru,  Electrical  Engineering  Department,  University  of  Washington, 
Seattle,  WA  98195,  and  Carvour  Yeh,  Electrical  Engineering  Department,  UCLA,  Los  Angeles,  CA  9002*1,  USA. 

Although  the  scalar  radiative  transfer  theory  is  adequate  for  natural  light  when  polarization  effects  can 
be  neglected,  the  vector  radiative  transfer  theory  has  been  more  appropriate  with  multiple  scattering 
ejects  in  randomly  distributed  nonspherical  particles.  Although  studies  on  vector  radiative  transfer 
theory  for  spherical  particles  have  been  made,  the  general  formulations  of  the  vector  radiative  transfer 
theory  for  nonspherical  particles  have  not  been  fully  described.  This  paper  presents  a  systematic  and 
general  formulation  for  nonspherical  particles  with  Stokes'  vectors  with  the  inclusion  of  all  polarization 
effects.  The  complete  vector  equation  of  transfer  was  given  including  the  extinction  matrix  resulting 
from  the  nonspherical  shapes.  The  coherent  intensity  vector  was  then  found  for  the  cross  polarization 
effects.  The  formulation  for  tne  incoherent  intensity  vector  involved  Fourier  decomposition  of  the 
equation  of  transfer  and  because  of  the  nonspherical  shape,  each  Fourier  component  was  coupled  to  each 
other.  Incident  waves  were  polarized  and  obliquely  incident  on  a  slab  medium  of  nonspherical  particles, 
and  the  transmission  and  backscattering  were  considered.  Also  included  were  special  cases  of  small  parti¬ 
cles  and  the  first  order  scattering  solutions  for  nonspherical  particles. 


2.3  Convergence  of  the  "Spectral- I terat i veTechn Ique"  for  the  Case  of  Dielectric  Scatterers 


This  paper  was  written  by  Raj  Mittra  and  M.  Sultan,  Electrical  Engineering  Department,  University  of 
Illinois,  Urbana,  IL,  USA.  The  recent  Spectral  Iterative  Technique  (SIT)  was  recently  successfully  applied 
to  problems  including  perfectly  conduct ingscatterers ,  dielectric  scatterers,  and  combinations  of  both.  Thi 
paper  gave  necessary  and  sufficient  condi t ions ^or  convergence  of  SIT  for  dielectric  scatterers.  It  was 
found  that  the  spatial  current  vector  at  the  n  iteration  was 
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where  the  vectors  1  and  1  are  the  exact  and  the  initial  guess  for  the  currents, respectively,  and  the  M 
matrix  is  a  funtionxof  the°dielectric  properties  of  the  scatterer  and  the  spacing  between  the  sampling 
points. 


In  (I),  3„  -  3  with  n  ■*  »  provided  if1  -»  1  with  n  -*■  where  J  is  the  null  matrix.  This  latter  condition 
Is  met  when 


(2) 


where  | | M [ |  denotes  the  spectral  radius  of  M,  and  are  the  eigenvalues  of  the  matrix.  It  is  found  that 
||jj>|  |  depends  on  the  dielectric  properties  of  the  scatterer  and  on  the  spacing  between  the  sampling  points 
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For  a  particular  scatterer  with  fixed  dielectric  properties,  the  spacing  between  the  sampling  points  may 
be  chosen  so  that  (2)  is  satisfied.  The  convergence  of  the  iterative  procedure  does  not  depend  on  the 
initial  guess  of  the  current. 

2.4  Multiple  Scattering  Theory  for  Waves  in  Discrete  Random  Media  and  Comparison  with  Experiments 

This  paper  was  written  by  V.K.  and  V.V.  Varadan,  Ohio  State  University,  Department  of  Engineering 
Mechanics,  Columbus,  Ohio  43210,  USA.,  and  V.N.  Bringi,  Department  of  Electrical  Engineering,  Colorado 
State  University,  Ft.  Collins,  CO  80523,  USA,  and  A.  Ishimaru,  University  of  Washington,  Seattle, 

WA  98195,  USA.  It  described  acoustic  and  electromagnetic  wave  attenuation  due  to  multiple  scattering  in 
a  discrete  two-phase  media.  A  self  consistent  multiple  scattering  theory  with  the  T  matrix  of  a  sinqle 
scatterer  and  a  suitable  averaging  technique  was  used.  Ensemble  averaging  accounted  for  the 
statistical  positon  of  scatterers.  This  created  a  series  of  equations  relating  different  orders  of 
correlations  between  scatterers.  Lax's  quasi-crystalline  approximation  is  used  to  truncate  the  series  of 
equations  to  allow  passage  to  a  continuum  whose  bulk  propagation  characteristics,  phase  velocity  and 
coherent  wave  attenuation,  could  be  studied.  The  pair-correlation  function  between  scatterers  with 
the  Self  Consistent  Approach  was  superior  to  Percus  Yevick  Approximation  when  the  volume  fraction  of 
scatterers  was  significant.  In  addition  to  low  frequency  analytical  results  for  coherent  wave  speed  and 
attenuation,  the  dispersion  equation  was  solved  numerically  for  higher  frequencies.  The  numerical  results 
in  this  study  were  in  excellent  agreement  with  experimental  values. 

2.5  Scattering  of  Electromagnetic  Waves  from  a  Half  Space  of  Densely  Distributed  Dielectric  Scatterers 

This  paper  was  written  by  L.  Tsanq,  Electrical  Engineering  Department,  Texas  ASM,  College  Station,  TX 
77843,  USA,  and  J.A.  Kong,  Elect rical Engi neering  Department ,  MIT,  Cambridge,  MA  02)39,  USA.  Interest  in 
scattering  from  dense  distributions  of  scatterers  continues  to  grow.  An  example  is  dry  snow,  which  is  a 
mixture  of  ice  (10  to  40t  in  volume)  and  air.  An  essential  feature  of  a  medium  with  an  appreciable 
volume  of  scatterer  is  that  independent  scattering  is  no  longer  true  and  that  the  radiative  transfer  theory 
with  independent  phase  function  is  not  valid.  Foldy's  approxi mat  ion ,whi ch  has  been  successful  in 
scattering  effects  in  tenuous  media,  is  not  applicable. 

This  paper  considered  the  scattering  of  a  plane  wave  obliquely  incident  on  a  half  space  of  densely 
distributed  dielectric  scatterers.  The  quas i-crystal I ine  approximation  is  used  to  truncate  the 
hierarchy  of  multiple  scattering  equations,  and  the  Percus  Yevick  Approximation  is  then  used  to  represent 
the  pair  distribution  function.  The  coherent  reflected  wave  was  studied  with  these  two  approximations. 

The  incoherent  scattered  wave  was  calculated  with  the  distorted  Born  approximation.  In  the  low  frequency 
limit,  closed  form  expressions  were  obtained  for  the  effective  propagation  constants,  the  coherent  reflec¬ 
ted  wave  and  the  btstatic  scattering  coefficients.  Results  for  higher  frequencies  were  calculated 
numerical ly.  The  advantages  of  the  approach  in  this  paper  was  that,  in  the  low  frequency  limit,  the 
effects  of  specular  reflection,  Brewster  angle,  and  the  Claussius  Mossoti  relation  were  obtained.  In 
addition,  bistatic  scattering  coefficients  were  also  found.  The  theory  here  has  been  successfully 
applied  to  backscattering  data  from  snow  at  microwave  frequencies. 
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3.  PAPERS  ON  RADAR  CROSS  SECTIONS  OF  SCATTERERS 

3.1  Radar  Cross  Section  by  the  Physical  Theory  of  Diffraction 

This  paper  was  written  by  H.B.  Tran  and  T.J.  Kim,  Northrop  Corporation,  Hawthrone,  CA  90250,  CA,  USA.  It 
presented  a  method  which  utilized  the  equivalent  current  concept,  developed  at  Ohio  State  University,  and 
Ufimtsev's  fringent  wave  current  to  celculate  the  monostatic  and  bistatic  radar  cross  sections  (RCS)  of  a 
circular  or  elliptical  cylinder,  a  polygonal  cylinder,  or  a  combination  of  them.  The  method  assumed  that  the 
scattered  field  from  a  target  may  be  approximated  by  the  sum  of  the  scattered  fields  from  each  part  of 
the  target. 

The  equivalent  current  technique  was  first  applied  to  the  geormetrical  theory  of  diffraction  (GTD)  and  to 
the  physical  theory  of  diffraction  (PTD)  in  two  dimensions.  An  arbitrarily  oriented  wedge  of  finite  length 
was  then  studied.  The  physical  optics  formulation,  which  is  useful  for  PTD  cases,  was  also  described. 

Results  of  monostatic  and  bistatic  RCS  of  several  shapes  were  shown,  and  these  were  compared  with  GTD 
resul ts. 


3.2  Basic  Theory  of  Radar  Polarimetry 

This  paper  was  presented  by  Wolfgang  M.  Boerner,  Electrical  Engineering  Department,  University  of  Illinois- 
Chicago,  P.0.  Box  4348,  Chicago,  IL  60680,  USA.  This  paper  surveyed  basic  theories  of  polarization 
utilization  in  radar  reconstruction,  scatter  polarization  transformat  ion  matrices  and  its  invariants  of  the 
associated  optimal  matrix  polarizat ions,  and  the  scatterer  descriptive  operators. 

It  then  showed  how  the  five  independent  matrix  parameters  for  the  relative  phase  monostatic  scattering 
matrix  describing  an  isolated,  yet  regionally  distributed  target  in  a  reciprocal  propagation  medium  can  be 
recovered  from  (i)  amplitude  only,  (ii)  mixed  amplitude  plus  partial  phase,  and  (iii)  complete  two  step 
amplitudeand  phase  measurements.  Basic  properties  of  the  radar  target  scattering  matrix  for  linear  and 
circular  polarization  basis  were  described  in  terms  of  geometrical  target  features  as  functions  of  the 
specular  point  surface  coordinate  parameters,  known  as  Gaussian  principal,  main  and  related  curvature 
functions.  The  theoretical  part  of  the  paper  concluded  with  introduction  of  a  transport  equation  formu¬ 
lation  for  precipitation  clutter-wave  interaction  phenomena  in  the  m  to  sub  mm  wave  region,  utilizing 
the  properties  of  the  partial  theory  of  coherence. 

3.3  Polarization  Bependence  of  Residues  in  the  Radar  Target  Resonance  Description 

This  paper  was  written  by  V.K.S.  Mirmira  and  Wolfgang  M.  Boerner,  University  of  Illinois.  This  paper 
described  the  singularity  expansion  method  (SEM)  to  study  the  properties,  estimates  on  material  properties 
and  shapes,  of  the  scatterer.  It  reviewed  areas  where  SEM  was  used  to  study  defects  in  solids  with 
acoustics,  interaction  of  elementary  particles  with  Regge  pole  theory,  and  radar  target  identification  in 
electromagnetic  scattering.  |*  concluded  with  an  anlysis  of  the  polarization  dependence  on  SEM  in  the 
form  of  a  Gaussian  pulse  incocfent  upon  a  thin  wire,  and  finding  the  poiari zation  sensitivity  of the 
residues  associated  with  the  eigenresonances. 


3.4  A  Vector  Inverse  Algorithm  for  Electromagnetic  Scattering 


This  nnper  was  written  by  Brett  Borden,  Naval  Weapons  Center,  China  Lake,  CA  93553,  USA.  It  was  a  study 
of  an  inverse  scattering  technique  that  uses  the  polarization  characteristics  of  the  radar  echo,  along  with 
a  small  amount  of  Doppler  processing,  toform  an  image  of  the  convex  parts  of  the  scatterer.  The 

depolarization  of  a  radar  signal  H  —  H  i  +  H  j  by  a  scattering  surface  is  related  to  the  local  principal 
curvatures  by  the  leading  edge  of  the  impulse  response. 
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where  S  is  the  illuminated  surface  area  and  R  is  the  range.  This  equation  provided  a  means  by 
local  curvature  properties  of  the  surface  were  determined  from  radar  echo  polarization. Also,  a 
equation  from  Christoffel-Hurwi tzdealt  with  reconstruct  ion  of  such  a  surface  from  knowledge  of 
information , 


which  the 
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where  M  is  the  spherical  image  of  the  convex  scatterer.  Since  the  exact  solution  required  too  much  input 
data,  the  corresponding  variational  problem  was  solved, 

x'u 9M  ,2  1  ,3M,2  -  2M2  -  2(±-  *  -J-)]  sine  d0  d+  =  0  ,  (3) 
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and  allow  for  a  solution  on  a  finite  data  set. 

A  Fortran  program  with  this  finite  element  inversion  algorithm  was  formed  and  tested  on  synthetic  data. 

The  effect  of  perturbed  data  on  the  algorthra  was  investigated,  as  well  as  the  extent  to  which  the  data  set 
could  be  limited.  The  technique  demonstrated  an  ability  to  reconstruct  smooth  convex  bodies  from  a  fairly 
sparse  data  set. 
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REVIEW  OF  SOME  PAPERS  PRESENTED  AT  THE  1983  URS I  COMMISSION  F  SYMPOSIUM 

Albert  W.  Biggs 
Remote  Sensing  Laboratory 
Center  for  Research,  Inc. 

The  University  of  Kansas 
Lawrence,  Kansas  66045,  USA 


SUMMARY 


The  1983  URS I  Commission  F  Symposium,  “Wave  Propagation  and  Remote  Sensing/'  was  the  third  Commission  F 
International  Symposium.  It  was  held  at  the  Universite  Catholique  de  Louvaine,  in  Louva i n- la-Neuve , 

Belgium,  from  June  9  to  June  15,  1983.  Papers  reviewed  appear  in  three  sections.  The  first  section  is 
on  the  influence  of  rain,  dust,  aerosols,  and  other  particles  on  radio  wave  propagation.  The  second  section 
is  cn  refraction,  turbulence,  and  multipath  effects  on  line  of  sight  paths.  The  third  section  is  on  long 
range  propagation,  ducting,  and  coverage  or  prediction  problems. 

1.  INTRODUCTION 

This  paper  is  a  review  of  some  of  the  papers  presented  at  the  1983  URS I  Commission  F  Symposium  held  at  the 
Universite  Catholique  de  Louvain  in  Louva i n- la-Neuve,  Belgium,  from  June  9  to  June  15,  1983-  It  was  the 
third  Commission  F  International  Sympos i um,fol lowi ng  very  successful  symposia  held  at  La  Balle,  France,  in 
May,  1977,  and  at  Lennoxville,  Canada,  in  May,  1980.  As  was  the  case  in  La  Balle,  it  was  intended  to  cover 
the  whole  field  of  Commission  F,  namely  wave  propagation  in  non-ionized  media,  from  two  points  of  view:  one 
was  the  limitations  on  the  performance  of  telecommunications  systems  due  to  propagation  effects  in  the  lower 
atmosphere,  and  the  second  was  the  methods  of  using  such  effects  for  the  remote  sensing  of  the  lower  atmos¬ 
phere,  the  surface,  and  the  subsurface  of  the  earth. 

The  topics  at  the  symposium  were  relevant  to  the  following  aspects: 

---clear  air  ref ract i vi ty  and  turbulence, 

---rain  and  dust  characteristics, 

- attenuation  and  radiometer  measurements  T 

---surface  and  volume  scattering, 

- multipath  effects, 

- applications  to  remote  sensing, 

--inversion  methods. 

Only  the  papers  in  the  three  sections  described  in  the  above  summary  are  reviewed  so  that  there  is  a 
correlation  with  similar  sections  in  the  Electromagnetic  Wave  Propagation  Panel  (EWPP)  Symposium, 
"Characteristics  of  the  Lower  Atmosphere  influencing  Radio  Wave  Propagation/1  at  which  this  review  will  be 
presented. 

2.  PAPERS  ON  THE  INFLUENCE  OF  RAIN,  DUST,  AND  OTHER  PARTICLES  ON  RADIO  WAVE  PROPAGATION 


2.1  Wave  Propagation  through  Preci pat  ions 

This  paper  was  an  invited  review  paper  and  was  written,  and  presented,  by  P.  Delogne,  Laboratorie  de  Tele¬ 
communications,  Universite  Catholique  de  Louvain,  Batiment  Maxwell,  B-1348  Louva i n- la-Neuve ,  Belgium.  It 
discussed  (a)  the  propagation  medium,  (b)  plane  wave  scattering  by  an  isolated  particle,  (c)  homogeneous 
plane  waves  and  scattering,  (d)  scattering  by  a  polydispersion,  and  (5)  thermal  radiation  of  a  polydisper¬ 
sion  and  radiometry. 


The  major  part  of  this  paper  described  a  unified  model  for  interaction  of  electromagnetic  waves  with  the 
precipitation  medium.  Since  atmospheric  precipitation  structures  of  precipitation  media  are  basically  the 
same  all  over  the  world,  with  variations  due  to  latitude  and  geographical  environment,  the  model  would 
provide  prediction  methods  worldwide.  The  development  of  the  model  began  with  scattering  of  a  plane  wave 
by  an  isolated  precipitation  particle  such  as  a  raindrop  or  a  hailstone.  If  an  incident  wave  with 
arbitrary  amplitude  and  polarization  is  given  by 


t.Cr)  -  ?.  e-jkVr, 
then  the  scattered  field  is  given  by 

?  (Ru  )  =  It.  e‘jkR/R  , 
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where  unit  vectors  u.  and  u  relate  to  the  Incident  and  scattered  fields  and  the  scattering  tensor  2  is 


j  =  j(u  ,u.)  «  2  e  ,G,  e.  , 
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with  e  .  and  e.  representing  orthogonal  components  of  u  and  u..  Several  methods  for  calculation  of  the 
scattering  tensor  have  been  reviewed  by  T.  Oguchi  (Rad ios Science,  vol.  16,  pp.  691-730,  1981). 


Since  a  plane  wave  expansion  of  an  arbitrary  monochromatic  field  with  a  triple  Fourier  transform  yields 
non  homogeneous  as  well  as  homogeneous  plane  waves,  the  model  for  scattering  of  a  homogeneous  plane  wave 
by  an  isolated  particle  must  be  expanded  to  non  homogeneous  plane  waves.  This  requires  some  statistical 
properties  of  polydispersions.  A  macroscopic  homogeneous  particle  dispersion  is  a  three  dimensional 
Poisson  process.  The  mean  density  of  class  C  particles  per  unit  volume  is  a_,  and  the  average  distance  of 
the  nearest  particle  of  class  C,  <Rj>,  is  0.609  a  .  Distances  R|  describe  a  £  percent  chance  to  find 


the  nearest  particle  of  class  C, 

R|10  -  0.1*81  <R,>,  R|>go  =  1.31*5  <R,>,  R,i99  =  1.695  <R,>_  W 

2 

The  far  field  conditions  for  the  scattered  field  require  (a)  R  »  D,  (b)  R  »  A/2tt,  and  (c)  R  >  2  D  /A, 
where  D  is  the  raindrop  diameter  ,  while  at  the  same  time  a  Laws-Parsons  ( L—  P )  rain  relates  rainrates,  drop 
size,  and  radar  reflectivity.  For  instance,  with  R  =»  200  mm/h,  30%  of  radar  reflectivity  is  from  drops  with 
D  >  0.27  cm.  The  average  distance  of  10  cm  is  violated  by  condition  (b)  for  a  low  GHz  radar.  Although  the 
author  feels  that  this  condition  has  not  been  sufficiently  studied,  it  is  met  with  X-band  and  higher 
f  requenci es . 


If  the  above  far  field  conditions  are  satisfied,  homogeneous  p^ar^e  wave  expansions  can  be  found  with 
Maxwell1*  equations,  where  the  cur rent_^dens  i  ty  is  [e(r)  •  eQ]  E{r),  with  e(r)  rela^ing^to  the  medium 
a  current  density  J  in  a  volume  dV  at  r  is  equivalent  to  a  Hertz  dipole  momemt  Ids  =  J  dv,  the  fiel 
point  r  in  air  are  found  by  contributions  from  all  Hertz  dipoles  in  the  form 

?(r)  =  /  ?_(?.S)e"Jk“*?  d«(u). 
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where  is  given  by 


um.  Since 
elds  at  a 


fE(f,i)  =  -  j  (t  -  ^).?(;o)ejkro‘uR 


when  r  -  r  *  Ru  and  dft  is  a  solid  angle  increment  in  any  direction  u.  Equation  (5)  is  an  expansion  of 
plane  wave?  propagating  in  all  directions  u  with  angular  amplitudes  F^  per  steradian. 

Random  quas i -monochromat ic  plane  waves  are  next  introduced.  The  instantaneous  field  is  composed  of  the 

coherent  field,  formed  by  the  first  order  moment,  and  the  incoherent  field  £  (t), 

n 

£n(t)  =  at)  -  Cc(t)  ,  (7) 

where  £(t)  and  £  (t)  are  instantaneous  and  coherent  fields.  Applied  to  (5),  random  fields  have  angular 
amplitudes  which Calso  are  random,  with  the  coherent  field, 

t  (r)  -  /  ?  dO(u)  .  (8) 

°  1*TT  ° 

where  t  is  the  statistical  average  of  f  .  When  (8)  is  subtracted  from  (5),  the  incoherent  field  ?  is 
obtaineS.  With  second  order  moments,  n 
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If  r^  =  r^  and  because  there  is  no  correlation  between  plane  waves  coming  from  different  angular 
directions,  we  have 

fr,u))?n*(r,u2)>  =  tn('r,U|)  <<ii  -  ij ( )  ,  (10) 

<n{r)tn*(r)>  =  /  tn(r,J)  d«(J)  ,  (II) 
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where  the  tensor  T  is  the  intensity  of  the  incoherent  field. 

The  model  is  completed  with  the  scattering  of  an  incident  electric  field  by  a  polydispersion  of  particles. 
The  coherent  field  is  found  with  the  method  of  Van  de  Hulst  ("Light  Scattering  by  Small  Particles,"  J. 

Wiley,  1957) ,  while  the  incoherent  field  is  from  Chandrasekhar rs  ("Radiative  Transfer,"  Dover,  I960) 
equation. 

2.2  Experimental  Study  of  Propagation  Characteristics  in  Millimeter  Wave  Region 

This  paper  was  written  by  Y.  Furukama,  T.  Manabe,  T.  Ihara,  the  presentor,  K.  Tohma,  K.  Kitamura,  and 
Y.  Imai ,  Radio  Research  Laboratories,  Ministry  of  Posts  and  Communications,  Tokyo,  Japan.  It  described 
a  propagation  experiment  at  50.4,  81.8,  140.7,  and  24 5.5  Ghz  along  a  horizontal  path  of  8 1 0  m  since 
October,  1982.  With  a  heavy  rainfall  rate  greater  than  10  mm/h,  there  was  no  distinctive  difference  among 
attenuations  at  81.8,  140.7,  and  245. 5  GHz.  Attenuation  at  245-5  GHz  is  slightly  smaller  than  that  at 
140.7  GHz  at  the  peak  of  the  rainfall.  Theoretical  attenuations  computed  by  assuming  drop  size  distribu¬ 
tions  of  Laws  and  Parsons  (L-P),  and  Marshall  and  Palmer  (M-P) ,  and  the  three  year  statistical  data  of 
multi-frequency  rain  attenuations  of  the  Radio  Research  Laboratories  (RRL,  to  be  published  by  Ihara, 
Furuhama,  and  Manabe  in  1983),  were  plotted  against  rain  attenuation  at  245.5  GHz.  The  drop  size 
distribution  was  closest  to  L-P,  where  the  density  of  drop  sizes  less  than  1.0  mm  diameter  was  less  than 
M-P  and  RRL.  Up  to  this  time  there  were  almost  no  similar  mul t i frequency  experiments. 

Attenuations  due  to  fog  and  water  vapor  were  also  measured.  Fog  has  very  small  water  droplets,  less  than 
a  few  ten  micrometers,  floating  in  the  air.  The  Rayleigh  approximation  is  suitable  for  the  mm  wave 
scatter  of  small  particles.  Attenuation  is  proportional  to  floating  liquid  water  content  at  all  four 
frequencies.  Water  vapor  attenuation  at  8l,8  and  245.5  GHz  increased  linearly  with  the  water  vapor  density. 
There  was  not  much  available  data  for  comparison  of  the  water  vapor  and  fog  attenuation s.  There  is  an 


excess  sttenuation  which  cannot  be  explained  by  the  water  vapor  absorptions  at  the  frequencies  of  the 
radio  frequency  windows. 

2.3  Measurements  and  Analysis  of  Raindrop  Size  Distributions  in  Southwestern  Nigeria 


This  paper  was  written  by  G.O.  Ajayi  and  R.L.  Olsen,  Department  of  Electrical  Engineering,  University  of 
Ife,  lle-lfe,  Nigeria,  and  Department  of  Communications,  Communications  Research  Centre,  Ottawa,  Canada, 
respectively,  and  presented  by  John  Strickland,  Communications  Research  Centre.  New  Data  on  the  drop  size 
distribution  of  tropical  rain  at  lle-lfe,  Nigeria  (7.5°  North,  A. 5  East),  using  an  impact-type  distrometer, 
shows  some  of  the  differences  between  raindrop  size  distribut ions  in  this  tropical  station  and  in  the 
temperate  regions  of  the  world.  There  are  less  raindrops  in  the  low  diameter  drops  in  tropical  regions  than 
for  the  same  rainfall  rates  in  temperate  regions.  This  result  has  an  influence  on  rain  attenuation  calcu¬ 
lations  at  higher  frequencies,  where  small  raindrops  have  greater  effects.  There  could  be  a  large  error  in 
estimation  of  attenuation  due  to  tropical  rain,  especially  at  mm  wavelengths,  if  the  M-P  law  is  used  with 
the  estimation. 

The  modified  gamma  distribut ion,  using  the  method  of  moments  regression,  has  been  applied  to  model  tropical 
raindrop  size  distribution.  This  method  is  based  on  the  assumption  of  power  law  relationship  between  the 
moments  of  the  measured  drop  size  distribution  and  the  rain  rate.  It  is  used  to  find  parameters  for 
modified  gamma  distributions.  The  drop  size  distribution  N(D)  is  represented  as 

N (0)  =  AtDpe"A2°q  ,  (I) 

-  8 

where  •  The  terms  a,  3  ,  A.,  p,  and  q  are  found  from  experimental  data  of  dropsize  distribution. 

Good  agreement  with  experimental  data  was  found. 

2.4  Theoretical  and  Experimental  Study  of  Propagation  by  Equatorial  and  Tropical  Rain 

This  paper  was  written  by  F.  Moupfouma  and  J.  Tiffon,  CNET,  92131  I ssy- les-Mou I ineaux,  France,  and  was 
jointly  presented  by  both  authors.  Raindrop  size  distributions  were  calculated  for  the  equatorial  and 
tropical  climates  from  data  collected  for  16  months  in  the  Congo.  Predicted  line  of  sight  (LOS) 
attenuation  was  calculated  from  these  distributions.  This  was  compared  with  data  collected  in  the  Ivory 
Coast. 


2.5.  Radiometeorologi cal  Data  for  the  Prediction  of  Rain  Attenuation  on  Slant  Paths 


This  paper  was  written  by  A.  Mawira,  presenter,  and  J.  Neesen,  Dr.  Neher  Laboratory,  Le i dschendam.  The 
Netherlands.  It  describes  the  use  of  radiometeorological  data  in  predicting  rain  attenuation.  Assumptions 
are  that  contributions  above  a  rain  height  H  are  negligible,  that  rain  intensity  is  homogeneous  in  the 
vertical  direction,  and  that  attenuation  A  on  a  slant  path  can  be  derived  from  the  attenuation  A  on  the 
projected  horizontal  path.  These  assumptions  lead  to  ® 
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with  L  =  H  /  tan  9,0  is  the  elevation  angle,  R(x)  is  the  point  rain  rate  at  a  horizontal  distance  x  from 
the  earth  station  in  mm/h,  and  Le^  *  rL  in  km.  The  term  r  is  the  reduction  coefficient  which  accounts  for 
the  horizontal  structure  of  rainand  depends  on  R  ,  the  point  rain  rate,  the  horizontal  path  length  L, 
and  the  frequency  dependent  term  b.  A  simple  form  for  r  is 


r(R0.  L;  I)  =  ~  In  (I  +  ]  , 


(3) 


where  M  =  R  L,  with  R  in  mm/h  and  L  in  km. 
o  o  o 

The  vertical  structure  of  rain  on  the  long  term  rain  attenuation  statistics  is  expressed  by  a  single  height 
H,  its  mean  value  instead  of  rain  he igh ts ta t i st ics .  The  mean  value  of  rain  height  equals  the  average  value 
of  the  zero  degree  isotherm  plus  0.6  km.  The  horizontal  and  vertical  structure  of  rain  may  be  different  for 
different  locations,  so  these  must  be  determined  for  each  location. 

2.6  Statistics  on  the  Fine  Sca.e  Structure  of  Rain  in  Stockholm  1 977“79 

This  paper  was  written  and  presented  by  Lars  Falk,  National  Defense  Research  Institute,  Linkoping,  Sweden. 
Data  on  rain  rates  were  collected  in  a  region  south  of  Stockhom  for  three  years,  1977" 79-  There  were  24 
rain  gauges  at  Farsta,  which  is  at  the  southern  edge  of  Stockholm.  More  rain  fell  at  Farsta  than  at  the 
gauges  in  the  countryside.  The  gauges  were  operated  between  April  and  November,  but  the  only  yearly 
statistics  affected  are  for  rain  rates  below  10  mm/h.  Statistics  from  several  pairs  of  rain  gauges  were 
introduced  over  the  10  km  path.  Curves  of  correlated  probalility  that  a  certain  rainfall  rate  is  exceeded 
at  two  rain  gauges  simultaneously  as  a  function  of  distance  show  both  the  presence  of  rain  cells  and  an 
extended  rain  structure.  Cumulative  distributions  of  the  path  averaged  rain  rate  were  also  calculated  for 
7-10  km  distances. 

2.7  100  GHz  Open-Resonator  Measurements  of  Artificial  Prec i pi  tat  ion  and  Fog  Propagation  Parameters 

This  paper  was  written  by  D.J.  Harris .presenter ,  and  S.  Pickard,  Institute  of  Science  and  Technology, 
University  of  Wales,  Cardiff,  United  Kingdom.  An  open-resonator  cavity  is  used  to  measure  the  scattering 
cross  sections  of  water  drops  and  fog  attenuation.  The  resonator  consisted  of  two  optical  mirrors,  inner 
surfaces  aluminized  with  diameters  of  23  cm  and  rad i!  of  curvature  of  2.44  m,  and  with  centrally  placed 
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apertures  4  mm  in  diameter.  A  family  of  TEM  modes  are  induced  by  introduction  of  energy  through  an  aperture 
in  one  mirror,  and  the  cavity  energy  is  sampled  through  a  similar  aperture  in  the  other  mirror.  The  empty 
cavity  has  a  value  Q  .  The  media  loss  introduces  a  Q-factor  Q  .  A  scattering  object  introduces  an 
effective  value  Q  ,°  The  total  measured  Q-factor  Q^  is  n 


1  *=  l  +  1  +  I 


Measurements  may  be  affected  by  standing  waves  between  mirrors,  so  that  loss  depends  on  axial  position  of 
the  scatterer.  This  is  eliminated  by  two  measurements  a  quarter  wavelength  apart. 

The  frequency  is  100  GHz,  produced  by  an  Impatt  oscillator  with  a  frequency  Sweep  exceeding  100  MHz.  The 
empty  resonator  Q-factor  is  about  500,000.  Stationary  scattering  objects  are  suspended  with  nylon  thread, 
while  wafer  drops  with  diameters  2. 8-5. 8  mm  are  produced  by  a  water  container  with  various  diameter  nozzles. 
The  nozzles  may  be  raised  to  allow  a  6.5  m  failing  distance,  enough  for  drops  to  reach  near-termi na 1  velo¬ 
cities.  Artificial  fog  is  created  by  placing  a  plastic  box  between  the  mirrors,  cooling  the  upper  surface 
of  the  box  with  solid  carbon  dioxide,  and  blowing  moist  air  into  the  box. 

The  scattering  cross  sections  of  falling  waterdrops  were  measured  at  100  GHz,  with  experimental  values 
being  close  to  predicted  values  from  Mie  theory  and  the  Ray  model  (Optics,  vol .  11,  pp.  1838-1844,  1972) 
for  the  complex  refractive  index  of  water.  The  ratio  of  attenuations  of  heavy  artificial  fogs  at  0.63  pm 
wavelengths  was  about  500. 

2.8  Uncerta int «es  in  Estimating  Worst  Month  Statistics  for  Earth-Space  Links  Influenced  by  Rain 

This  paper  was  written  by  P.  Misme  and  P.  Waldteufel,  CNET,  92131  Issy- les-Moul i neaux,  France,  and  was 
presented  by  Misme.  A  recent  paper  by  Misme  et  al  (Ann.  Telecom.,  vol.  37,  pp.  325*333,  l 98 1 )  studied 
attenuation  statistics  for  several  decades  and  showed  that  a  ten  year  average  cannot  be  considered  as 
stable.  The  concept  of  "worst  month"  ceases  to  apply  readily  to  rain  attenuation.  Attenuation  occurring 
a  few  percentages  of  the  year  are  due  most  of  the  time  to  rain  falling  on  antennas  and  raaomes ,  and  some¬ 
times  to  clouds,  bright  band  effects,  or  precipitating  zones  which  do  not  yield  any  rain. 

Attenuation  d i s tr i but  ions  for  Paris,  at  12  GHz,  were  presented  for  the  periods  1940-50,  1950-60,  1 969” 79 , 
and  I965“79.  The  last  three  periods  were  almost  identical.  Another  set  of  annual  d i s t r i but  ions  for  the 
1965“79  period,  including  extremal  curves,  showed  considerable  scatter.  One  may  consider  excluding  the 
"worst  year"  in  a  ten  year  period  for  CCIR  predictions. 

2.9  An  Analtical  and  Numerical  Comparison  Between  Two  Rain  Attenuation  Prediction  Methods  for  Earth- 
Satel 1 i te  Paths 

This  paper  was  written  and  presented  by  Emanoel  Costa,  CETUC-PUC/RJ ,  22453  Rio  de  Janiero  RJ,  Brazil.  It 
shows  that  the  M i sme-Wa I dteufe 1  integral  for  prediction  of  rain  attenuation  on  an  earth-satellite  link  can 
be  analytically  transformed.  The  most  important  term  agrees  with  the  Ass i s-E i n 1  of t  method  for  the  same 
prediction.  Attenuations  calculated  by  each  method,  assuming  many  combinations  of  input  parameters  (fre¬ 
quency,  elevation  angle,  and  rainfall  rates),  were  compared  with  each  other  and  with  experimental  data. 

The  Ass I s-Ei n loft  and  the  Misme-Fimbel  methods  yielded  almost  equivalent  results.  The  rms  errors  between 
experimental  data  and  those  predicted  by  each  method  are  approximately  equal.  Since  the  As s i s-E i n lof t 
method  is  much  simplerthan  the  complex  Misme-Fimbel  method,  it  should  be  chosen  for  predictions  of  rain 
attenuation  on  earth-satell i te  paths. 

2.10  Prediction  of  Rain  Attenuation  Based  on  Point  Rain  Rate  Statistics  for  Alexandria,  Egypt 

This  paper  was  presented  and  written  by  Hassan  N.  Kheirallah,  Electrical  Engineering  Department,  Alexandria 
University,  Alexandria,  Egypt.  Rain  rate  data,  collected  for  28  years  in  Alexandria,  was  described.  Large 
variations  of  total  accumulated  rain  from  year  to  year  were  encountered.  The  rain  rate  models  do  not 
provide  accurate  rain  attenuation  predictions  for  regions  with  climates  similar  to  Alexandria,  Egypt,  where 
rainfall  is  limited  to  a  very  few  months  of  the  year.  Worst  month  statistics  should  be  considered.  When 
operating  above  10  GHz  in  this  area,  rain  attenuation  is  more  severe  than  that  provided  by  conventional 
prediction  methods. 

2.11  Attenuation  by  Rain  on  Earth-Space  Paths  at  13  GHz 

Although  this  paper  was  written  by  R.V.  Webber,  J.l.  Strickland,  and  J.J.  Schlesak,  Commun icat ions  Research 
Centre,  Ottawa,  Canada,  it  was  actually  presented  by  Strickland.  It  described  rain  attenuation  measurements 
at  13  0Hz  for  seven  locations  across  Canada  to  provide  a  sampling  of  different  types  of  areas.  Analyses  of 
data  from  six  locations,  Mill  Village  for  Atlantic  maritime,  Ottawa,  Allan  Park,  Thunder  Bay,  and  Melville 
for  continental,  and  Lake  Cowichan  fgr  Pacific  maritime  climates  were  made.  Unfortunate  1 y ,  good  data  was 
not  obtained  from  the  Fort  Smith  (60  North)  location.  The  worst  monthly  d i s t r i but  ions  were  limited  to 
four  months  beginning  in  May  for  Melville  and  delayed  two  months  later  for  Allan  Park.  Ottawa  was  not 
sufficiently  observed.  Lake  Cowichan  experienced  its  worst  month  in  the  winter  months.  At  Mill  Village, 
any  month  is  a  worst  month  except  for  March  to  May. 

Although  Lake  Cowichan  has  the  highest  rainfall  accumulation,  it  is  least  likely  to  experience  precipitation 
attenuations  above  2  dB.  Mil)  Village  has  the  second  highest  rainfall  accumulation  and  the  second  lowest 
thunderstorm  days,  and  it  has  the  highest  rain  attenuations  and  longest  fading  durations.  The  statistics 
of  precipation  attenuation  attenuation  have  a  strong  dependence  on  climate.  Like  Seattle,  the  rainfall  in 
Lake  Cowichan  is  almost  a  continuous  light  misty  drizzle. 

2.12  X-Band  Measurements  of  the  Dielectric  Constant  of  Dust 

This  paper  was  written  by  S.M.  Sharif  and  S.l  Ghobrial,  Electrical  Engineering  Department,  University  of 
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Khartoum,  Khartoum,  Sudan.  It  was  presented  by  N.J.  McEwan,  University  of  Bradford,  United  Kingdom. 
Descriptions  of  dielectric  constants  of  dust  were  made.  Effects  of  humidity,  chemical  composition,  and 
frequency  on  the  dielectric  constant  of  dust  were  investigated  with  these  measurements.  Small,  less  than 
5$,  percentages  of  moisture  create  large  increases  in  the  real  and  imaginary  parts  of  the  dielectric 
constant. 

Silicon  dioxide  has  the  major  influence  on  the  real  part  of  the  dielectric  constant.  Aluminum  oxide  has  the 
greatest  effect  on  the  imaginary  part  of  the  dielectric  constant.  Frequency  has  little  significance  in  the 
8.2  to  9.0  GHz. 

2.13  Effects  of  Dust/Sandstorms  on  Some  Aspects  of  Microwave  Propagation 

Sofa  Haddad  presented  this  paper  and  was  a  co-author  with  M.J.H.  Salman  and  R.K.  Jha,  Electrical  Engineering 
Department,  University  of  Technology,  Baghdad,  Iraq.  Dust  and  sandstorms  were  expected  to  have  behavior 
similar  to  that  of  rain,  snow,  hail,  fog,  and  clouds  in  scattering  microwave  energy.  Size  distributions  of 
duststorm  particles  are  exponential.  Dielectric  constants  at  9-35  GHz  varied  with  moisture  content. 

Refractive  indices  and  loss  tangents  increase  with  particle  density  and  moisture  contents  of  the  dust  and 
sandstorms.  In  severe  local  dust  and  sandstorms,  terrestrial  microwave  links  are  likely  to  be  out  of 
action  when  they  are  near  large  water  basins  in  the  summer. 

2.14  Scattering  and  Absorption  by  Atmospheric  Aerosol  Models 

This  paper  was  presented  by  P.E.  Geller,  who  was  a  co-author  with  P.W.  Barber,  Electrican  t  Computer 
Engineering  Department,  Clarkson  College,  Potsdam,  New  York,  USA.  It  used  the  T-matrix  method  to  calculate 
scattering  by  prolate  spheroids.  It  may  also  be  applied  to  oblate  spheroids. 

The  size  and  refractive  inex  of  the  spheroids  may  be  chosen  to  model  atmospheric  particulates  at  wavelengths 
of  interest.  The  Mueller  matrix  relates  the  Stokes  parameters  I , Q ,  U,  and  V  of  the  incident  light  for 
spheres  and  cigar-shaped  spheroids. 

2.15  Backscattering  and  Differential  Backseat  ter i ng  Characteristics  of  the  Melting  Layer 

This  paper  was  written  by  A.W.  Dissanayake,  European  Space  Agency  and  Technology  Center  (ESTEC),  Noordwijk, 
The  Netherlands,  and  M.  Chandra  and  P.A.  Watson,  University  of  Bradford,  Bradford,  United  Kingdom.  This 
paper  presented  an  improved  model  for  the  radar  bright  band  to  characterize  the  anisotropy  observed  by  dual 
polarized  radars. 

When  atmospheric  ice  particles  fall  through  the  0°  C  level,  they  begin  to  melt.  The  partially  melted 
particles  have  a  high  reflectivity  for  microwaves.  This  part  of  the  microwave  spectrum  is  known  as  the 
"bright  band."  Although  the  micro-physics  of  the  melting  layer  is  not  well  understood,  much  work  related 
to  this  layer  has  been  done  with  radar  systems.  The  modelling  of  the  melting  layer  starts  with  the 
successful  prediction  of  its  radar  characteristics. 

Melting  layers,  indicated  by  radar  bright  bands,  are  present  in  stratiform  clouds  in  temporate  climates  and 
in  anvil  clouds  found  with  convective  systems  in  tropical  climates.  Previous  models  assumed  isotropic 
particles,  and  did  not  predict  results  predicted  by  dual  polarized  radars.  The  change  in  this  model  was  to 
consider  non-spherical  particles  to  create  anisotropy.  Like  the  previous  model,  the  particles  were  assumed 
to  be  a  two  layer  structure  formed  by  a  layer  of  water  on  a  solid  ice  particle. 

Microwave  scattering  properties  of  the  non-spherical  model  were  evaluated  with  the  Waterman  T-matrix 
technique  (Physical  Review, D  10,  pp.  2670-2684,  1974).  A  fairly  good  agreement  for  absolute  reflectivity 
is  in  evidence.  The  forward  scattering  properties  of  these  particles  may  be  similarly  evaluated,  and  such 
calculations  can  be  used  in  predicting  microwave  attenuation  and  depolarization  through  the  melting  layer. 

2.16  Propagation  Characteristics  at  35  and  78  GHz  for  Spaceborne  Altimeters 

This  paper  was  written  and  presented  by  D.  Tarducci ,  Centro  Studi  e  Laboratori  Tel ecomun icaz ion i ,  274-10148 
Torino,  Italy.  It  described  a  comprehensive  comparison  of  the  propagation  characteristics  of  the  35  and  78 
GHz  bands  for  spaceborne  radar  altimeters  ,  and  also  for  the  currently  used  13.5  GHz  band  for  radar 
altimetry.  Considerable  impairment  in  rain  attenuation  was  found  as  frequency  increased  from  13.5  to  35 
GHz,  but  lesser  Impairment  was  found  in  going  from  35  to  78  GHz,  especially  with  rain  rates  above  30  mm/h. 

No  bandwidth  limitations  were  found  at  35  or  78  GHz  from  in-band  amplitude  or  phase  shift  behavior. 

Although  rain  backscatter  was  less  at  the  lowest  13-5  GHz  frequency  for  rain  rates  above  30  mm/h,  the 
interesting  result  was  less  at  78  than  at  35  GHz  for  this  rain  rate  level.  This  makes  the  78  GHz  band  more 
suitable,  along  with  advantages  of  higher  resolution,  smaller  and  lighter  antennas,  and  subsequent  lower 
satel 1 i te  weight. 

2.17  Site  Diversity  in  Earth  to  Satellite  Links:  Radar  Measurements  and  Theoretical  Predictions 

This  paper  was  written  by  C.  Caproni  and  J.P.V.P.  Baptlsta,  Politecnico  di  Milano,  Spaziali  of  CNR,  Milano, 
Italy,  and  E.  Matriccianl,  Politecnico  di  Milano,  Milano,  Italy,  and  was  presented  by  J.P.V.P.  Baptista.  A 
Statistical  performance  of  a  site  diversity  system  at  11.6  GHz  for  earth  to  satellite  links  with  rain 
attenuation  was  described. 

Simulation  of  site  diversith  links  performed  with  radar  data  in  the  Po  River  Valley  for  earth  satellite  paths 
spaced  1.0  km  apart,  represented  site  diversity.  Pairs  of  stations,  1.0  to  20  km  apart,  were  evaluated  in 
terms  of  rain  attenuation  and  diversity  gain.  A  theoretical  model  for  prediction  of  single  and  site 
diversity  attenuation  provides  excellent  results  when  compared  with  experimental  data. 
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2.18  Attenuation  of  Radio  Waves  by  Atmospheric  Wet  Ice  and  Mixed  Phase  Hydrometers 

The  paper  was  presented  by  Y.M.M.  Antar,  who  was  a  co-author  with  A.  Hendry,  National  Research  Council  of 
Canada,  Ottawa,  Canada  KIA  )R8.  Observations  of  radio  wave  attenuation  by  wet  ice  and  mixed  phase 
hydrometeors  along  a  slant  path  at  36.6°  elevation  angle  were  described.  The  attenuation  at  28.56  GHz  was 
noticeable  larger  than  that  due  to  rain  along  the  path  because  of  the  melting  layer  constituents,  mostly 
wet  snow.  When  the  medium  was  dry  snow,  negligible  attenuation  at  microwave  frequencies  was  detected. 

Only  a  differential  phas  shift  was  observed.  An  unusual  snowstorm  was  encountered  on  19  November  1976,  when 
wet  snow  was  seen  on  the  ground.  Although  the  local  meteorological  office  report  showed  that  0.5  mm  of 
rain  and  1.5  cm  of  snow  fell,  no  melting  layer  was  detected  from  radar  data. 

Estimates  of  hail  attenuation  can  be  made  only  when  the  hail  storm  intersects  the  propagation  path  if  the 
rain  attenuation  is  accurately  identified.  If  a  heavy  rain  occurs,  this  cannot  be  done.  On  22  July  1980, 
however,  severe  attenuation  was  caused  by  hail  while  the  rain  attenuation  eas  relatively  low.  Hail 
produces  appreciable  attenuation,  particularly  when  the  hailstone  has  a  coating  of  water. 


Lid 


30-7 


3.  PAPERS  ON  REFRACTION,  TURBULENCE,  AND  MULTIPATH  EFFECTS  ON  LINE  OF  SIGHT  PATHS 

3.1  Wave  Propagation:  Turbulence  in  Clear  Air 

This  paper,  an  invited  review  paper,  was  written  and  presented  by  Ralph  Bolgiano,  Junior,  Electrical 
Engineering  School,  Cornell  University,  Ithaca,  New  York,  USA.  Fluid  and  thermodynamic  processes  respon¬ 
sible  for  the  fine-scale  structure  of  the  atmospheric  refractive  index  are  identified  and  examined  in  this 
paper.  The  refractive  index  n(x,t)  is  affected  by  both  temporal  and  spatial  variants, 

n(x,t)  =  I  +  N(x,t)  x  10  ^  ,  (}) 

wher<|  the  excess  refractivity  N  is  a  function  of  density  f>(x,t),  or  pressure  p(x,t)  and  inverse  temperature 
1/T(x,t),  and  of  the  composition,  or  specific  humidity  q(x,t). 

N(x,t)  consists  of  an  average  component  and  a  fluctuation  component  N'(x,t),  induced  by  atmospheric 
dynamics  and  resulting  variations  of  pressure,  temperature,  and  composition.  At  low  Mach  number  M  for 
atmospheric  flow,  pressurj|f 1 uctuat i ons  p'(x,t)  are  negligibly  small,  but  fluctuations  in  temperature  T1 (x,t) 
and  specific  humidity  q‘(x,t)  are  significant  for  N‘.  The  process  of  fluctuations  in  T1  and  q*  is  analyzed 
by  (i)  mixing  process  kinematics,  and  (ii)  fluid  motion  dynamics.  Assumptions  are  that  the  Reynolds  Number 
R  ,  the  Peclet  Number  P  ,  the  Rossby  Number  R  ,  and  the  ratio  of  characteristic  period  for  a  flow  component 
tS  the  gas  molecular  relaxation  time  are  much°greater  than  1.0,  and  M  is  much  less  than  1.0.  These 
assumptions  make  the  atmosphere  act  as  a  perfect  gas,  and  that  we  have  isentropic  flow. 

Assuming  a  dynamically  incompressible  atmosphere,  and  a  passive  scalar  contaminant  i[>(x,t),  that  satisfies 
the  conservation  equation,  the  velocity  u(x,t)  and  the  contaminant  i^(x,t)  are  resolved  into  mean  and 
fluctuation  components.  The  mixing  process  is  elucidate^  by  resolving  the  fluctuation  terms  into  their 
Fourier  components  with  a  velocity  fluctuation  spectrum  U(k,cu)  and  a  contaminant  fluctuation  spectrum 
Y(k,u).  In  Fourier  space,  the  desired  ^-fluctuation  component  is 


H'(£,w)  =  -  ~  ■  -  V  *U(it  -  k1  ,u  -  u)'}  Y (k1  ,co' )  dk'did*  .  (2) 

t*- 

K-u>  space 

The  first  term  is  the  production  term,  created  by  components  produced  by  interaction  with  the  sparse  velo¬ 
city  spectrum  with  the  mean  gradient,  V  The  second  term,  a  convolution  of  the  velocity  spectrum  with 
the  contaminant  spectrum,  shows  that  a  ip  component  arises  from  a  wide  range  of  velocity  components  with  the 
other  +  components.  This  assumes  adequate  richness  in  velocity  components.  If  no  richness  were  present, 
no  internal  mixing  process  would  be  present.  A  wealth  of  evidence  indicates  that  internal  mixing, 
represented  by  the  convolution  integral,  is  present.  This  indicates  a  broad  and  rich  velocity  spectrum. 

Small  scale  motions  in  the  atmosphere  are  discussed  by  relating  fluctuation  components  of  density,  pressure 
and  velocity.  When  the  medium  is  imcompressible  and  stratified,  subject  to  the  force  of  gravity,  the 
fluctuation  quantities  satisfy  the  associated  equations  with  solutions  identified  as  internal  gravity  waves. 
But  for  high  Froude  Numbers  F  much  greater  than  1.0,  gravity  effects. are  negligible  and  equilibrium  flow 
is  turbulent.  The  resulting  refractive  index  spectrum  exhibits  a  k  form. 

3.2  Analysis  of  Multipath  Fading  Observations  on  Certain  Microwave  Paths  in  British  Columbia 


This  paper  was  written  by  N.  Owen,  British  Columbia  Telephone  Company, 
University  of  British  Columbia,  Canada.  It  was  also  presented  by  J.J. 
of  presentation.  Results  were  given  for  measurements  for  12  microwave 


Canada,  and  by  E.  Lee  and  M.  Kharadly 
Strickland,  who  did  an  excellent  job 
links  in  British  Columbia,  Canada. 


Microwave  links  are  using  extensive  digital  modulation  during  the  past  few  years.  Since  the  Bit  Error  Rate 
(BER)  is  of  interest,  designs  keep  the  BER  with  Signal-to-Noise  Ratios  (SNR's)  of  about  25  dB.  The  BER's 
are  high  during  shallow  multipath  fading.  The  probabilities  of  fading  in  these  instances  will  be  included 
in  system  design.  The  three  regions  evaluated  are  the  Coastal  Mountains  and  Islands,  the  Interior  Plateau, 
and  the  Columbia  Mountains  and  the  Southern  Rockies. 


The  first  region  has  heavy  precipitation  in  autumn  and  winter,  mild  winters  and  cool  summers.  The  second 
is  drier  with  warm  summers  and  cold  winters.  The  third  has  semi-arid  valleys  with  most  precipitation  in 
the  winter. 

The  Morita  parameters  of  the  CCIR  formula  for  multipath  fading  are  most  appropriate  for  these  links.  Most 
active  multipath  fading  occurs  during  July  to  October.  Peaks  of  diurnal  multipath  fading  for  links  over  or 
along  water  is  from  afternoon  to  sunset.  On  plateaus  or  flat  terrain,  fadings  occur  at  sunrise.  The  multi- 
path  mechanisms  are  (a)  sea  breeze,  (b)  radiation  inversion  for  plateau  links,  and  (c)  trapped  radiation 
fog  in  valleys  associated  with  clear  upper  air  for  mountain  links. 

3.3  The  PACEM  Experiment  on  Line  of  Sight  Multipath  Propagation 

This  paper  was  written  by  M.  Syivain  et  al  at  CNET/PAB/RPE,  Issy-les-Moul ineaux,  France,  and  was  presented 
by  M.  Syivain.  It  describes  a  two  month  experiment  on  a  37  km  path  over  land  from  Marcheville  to  Viabon, 
France.  The  purpose  of  the  Propagation  en  Air  Clare  Et  MiStSorologie  (PACEM)  was  to  gain  physical  insight 
into  multipath  propagation  mechanisms  on  line  o 7  sight  paths. 

The  transmitting  antenna  at  Marcheville  was  58  m  above  the  ground,  sweeping  from  10.7  to  11.7  GHz  with 
FM,  and  the  receiving  antenna  at  Viabon  was  95  m  above  the  ground.  They  were  both  2  m  diameter  paraboloid 
antennas  with  a  combined  bit  d8  gain.  Meteorological  Instruments  at  Viabon  were  a  permanently  instrumented 
tower,  a  tethered  balloon,  two  acoustic  sounders,  and  a  lidar  for  humidity  profiles.  The  tower  had  sensors 
to  record  temperature,  wind  direction  and  velocity  at  seven  levels  and  relative  humidity  at  five  levels. 

The  balloon  sensors  measured  the  parameters  and  pressure.  The  sodar,  or  acoustic  sounders,  measured 
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vertical  parameters  to  680  m. 

Multipath  events  were  observed  on  18  nights,  about  34  hours.  A  typical  fade  lasted  more  than  four  hours 
one  night.  The  refractive  index  profile  obtained  during  an  ascent  and  descent  of  the  balloon  indicated  the 
presence  of  ducts.  Sodar  acoustic  soundings  indicated  the  presence  of  a  layer  of  very  intense  reflectivity 
in  the  first  few  tens  of  meters  during  Intense  fading  in  a  typical  case.  A  second  facsimile  print  of  the 
mini  sodar  showed  an  echo  layer  below  60  m  in  greater  detail  than  that  of  of  sodar. 

3.4  Microwave  Multipath  from  Sea  Reflections  -  The  Bay  of  Fundy 

This  paper  was  written  by  A.R.  Webster,  presenter,  and  W.L.  Lam,  Centre  for  Radio  Science,  University  of 
Western  Ontario,  London,  Canada.  It  describes  the  amplitude  distribution  of  direct  and  sea  reflected  rays 
on  two  separate  links  across  the  Bay  of  Fundy.  The  first  measurements  in  1980  were  made  between  Aylesford, 
Nova  Scotia  (NS),  and  Otter  Lake,  New  Brunswick  (NB) ,  Canada,  a  path  of  80.025  km.  The  second  measurement 
in  1981  was  between  Otter  Lake  and  Nictaux  South,  NS,  a  path  of  80.35  km.  A  transmitted  signal  is  frequency 
swept  from  9.5  to  10.5  GHz  in  64  linear  steps. 


Much  heavy  fading  during  the  summer  months  may  be  attributed  to  the  formation  of  layers  above  the  Bay. 
Layers, rather  than  general  gradient  changes,  explain  s imul taneoous  variations  in  properties  of  directed  and 
reflected  rays.  The  layers  have  a  large  negative  refractivity  gradient,  more  or  less  level  with  the 
enclosing  land  on  either  side  of  the  Bay.  These  layers  are  formed  below  the  line  of  sight  path. 

3.5  Rates  of  Change  of  Propagation  Medium  Transfer  Functions  During  Selective  Fadings 


This  paper  was  written  and  presented  by  L.  Martin,  CNET  Lannion,  22301  Lannion,  France.  It  described 
several  selective  fadings  on  a  50  km  path  in  a  400  MHz  band,  centered  at  11.45  GHz.  The  amplitude 
distortion  curves  were  recorded  with  maximum  relative  level  A  and  its  associated  frequency  F  ,  and  the 
minimum  relative  level  A  and  its  associated  frequency  F  .  Tfie  selectivity  of  many  curves  wa§  due  to  the 
ray  giving  most  distortion.  The  delay  of  this  ray  was 


_  I  2k  +  1 
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where  k  is  an  integer. 
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The  rates  of  change  of  A  were  fast  because  it  depended  on  phase  shift  variations  between  components  of 
received  signal  multipatfi  fadings.  Rates  of  change  of  A  were  low.  It  was  assumed  that  rates  of  change  of 
refractive  index  profile  curvatures  were  low.  Values  ofnrates  of  change  of  T  seem  to  be  of  the  same  order 
as  layer  height  variations  in  multipath  fading  conditions.  Seasonal  selective  fading  was  observed.  Rates 
of  change  of  selective  fading  parameters  were  lower  in  July  1979  than  in  January  1980.  This  phenomena  was 
probably  due  to  layer  thicknesses,  which  are  thick  in  the  summer  and  thin  in  the  winter. 

3.6  Distortion  in  FM  Car  Radios  Caused  by  Multipath  Reception  and  Their  Reduction  by  Means  of  Antenna 
Di  versi ty 


This  paper 
Bundeswehr 
reception 
especially 
tude,  and 
and  phases 


was  written  by  H.K.  Lindenmeier,  E.J.  Manner,  and  L.M.  Reiter,  presenter,  University  of  the 
Munich,  Werner-Heisenberg-Weg  39,  0-8014  Munich,  Federal  Republic  of  Germany.  It  describes 
interruptions  in  the  form  of  temporary  noise  increases  or  of  distortion  of  AF-f requenc i es , 
in  areas  of  poor  signal  levels.  These  distortions  come  from  the  spatial  dependent  carrier  ampli- 
are  caused  by  statistical  interference  of  a  multitude  of  waves  with  randomly  distributed  amplitudes 

-s 


Usually,  the  antenna  reception  VR(f) 

Vf> 


?(f).i/T(f)  , 


where  V 


T  is  the  original  spectrum  at  the  transmitter,  and  ?  is 
?<f)  -  t  +  £  Jt.e  'j"'tl  , 
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(2) 


with  ^  being  the  direct  wave  and  X, .  .  .A  being  the  reflected  waves  with  time  delays  t  .  .  ,x  . 
o  in  In 

Since  multipath  reception  is  always  correlated  with  FM-AM  conversion,  the  AM  modulation  can  detect  multi- 
path  reception.  An  RF-amplitude  demodulator  was  used  as  a  distortion  detector  to  distinguish  between  an 
AM  signal  being  caused  by  the  movement  of  the  car  in  a  Rayleigh  field  (signal  strength  in  multipath  recep¬ 
tion  has  a  Rayleigh  distribution)  and  an  AM  signal  caused  by  multipath  reception. 


Four  antennas  were  installed  in  the  car,  connected  to  the  car  radio  with  an  electronic  switch.  Tests  were 
made  in  city  and  in  mountain  areas.  Permanent  distortion  was  Found  in  mountain  areas,  and  this  made  the 
receiving  improvement  factor  reduce  to  a  value  from  2  to  10  by  application  of  antenna  diversity  compared 
with  5  to  20  (20  In  many  cases)  in  city  areas. 


3.7  Experimental  and  Analytical  Aspects  of  Atmospheric  EHF  Refractivity 

This  paper  was  written  by  Hans  J.  Liebe,  presenter,  and  Donald  H.  Layton,  NTIA,  Institute  for  Telecommunica¬ 
tion  Sciences,  Boulder,  Colorado  80303,  USA.  It  discussed  laboratory  measurements  of  absolute  attenuation 
rates  and  refractlvlties  due  to  water  vapor  and  moist  nitrogen.  Measurements  were  made  at  138.2  GHz  because 
this  frequency  falls  Into  an  Extremely  High  Frequency  (EHF)  window  where  little  attenuation  was  caused  by 
local  lines.  Nitrogen  simulated  dry  a^r,  and  high  relative  humidity  (RH)  varied  from  80t  to  100$.  Temper¬ 
atures  were  chosen  to  be  282  K  and  300  K.  The  continuum  spectrum  consisted  of  a  self  broadening  term,  e  , 
and  a  foreign  gas  broadening  term,  ep, 

oc  «  (k0e*  +  k^ep)  By  dB/km, 


L 


(I) 


where  e  is  the  partial  vapor  pressure  in  kPa  ■  10  mb, 8  »  300/T  is  a  relative  inverse  temperature  indicator, 
and  p  is  the  total  air  pressure  in  kPa.  Line  shape  theory  predicts  the  coefficients 


ko  -  3.80  ,  kf  •  1.38  f2  r  (b,b3/vo3).  ,  y  -  2.90  .  (2) 

A  fit  of  data  to  (I)  produced  the  results 

ac  -  (39.2  e2  +  1.99  ep]  I0_ ,lf  dB/km  .  (3) 

2 

Except  for  the  strong  self  broadening  component  proportional  to  e  ,  no  additional  anomalous  behavior  was 
observed,  contrary  to  findings  of  A.  Deepak  et  al,  "Atmospheric  Water  Vapor,"  Academic  Press,  1980,  and 
of  D.T.  Llewel  lyn-Jones  et  al.  Nature,  vol.  279,  PP.  876-878,  1978,  not  even  at  saturation  with  RH  =  100$. 
Anomalous  absorption  behavior,  such  as  high  rates,  extreme  temperature  dependences,  hystereses  in 
pressure  andtemperature  cycles,  were  identified  as  instrumental  in  the  form  of  condensation  effects  on  the 
spectrometer.  Implications  of  the  new,  but  preliminary  EHF  water  vapor  contimuun,  is  not  serious.  Up  to 
RH  «  60$,  the  widely  used  empirical  Gaut-Rei fenstein  (GR)  continuum  is  confirmed.  At  higher  RH,  increases 
over  the  GR  continuum  are  about  1.5  at  RH  =  100$  and  a  nonlinear  dependence  on  absolute  humidity  are 
pred i c ted. 

3.8  Propagation  Anomalies  in  a  9,  7,  and  II  GHz  Line  of  Sight  Path 


J.P.  Mon  presented  this  paper,  and  was  a  co-author  with  G.  Roux,  CNET/RPE/ETP,  Issy-les-Moul ineaux,  France. 
Results  described  deal  with  a  propagation  experiment  which  was  carried  out  from  August  3  to  September  21, 
1979,  over  a  98  km  LOS  path  in  France.  Frequencies  were  9.095,  7.189,  and  11.603  GHz,  with  transmitting 
antenna  heights  73,  59,  and  61  m,  receiving  antenna  heights  55,  61,  and  63  m, antenna  gains  91,  36,  and  36 
dB,  antenna  beam  widths  1°6,  l°9,  and  3°,  and  transmit  power  equal  to  30,  26,  and  25  dBm,  respectively. 

All  antennas  were  horizontally  polarized.  An  acoustic  sounder  (sodar)  was  at  midpath.  The  sodar  operated 
at  2  kHz,  100  ms  pulse  width,  pulse  period  9  sec,  and  680  m  maximum  range.  Temperature,  wet  bulb  tempera¬ 
ture,  pressure  and  RH  were  recorded  at  21.7,  99.3,  77-0,  and  109.6  m  on  a  tower  near  the  sodar.  A  tethered 
balloon  made  the  same  measurements  twice  a  day  up  to  a  height  of  250  m.  Refractivity  N  and  related 
parameters  M,  K,  and  their  gradients  were  computed  from  this  data. 


Intense  fades  occurred  almost  every  night.  The  number  of  fades  from  Barnett  (BSTJ,  vol.  51(2),  pp.  321-361, 
1972)  follow 

1  /s 

N  =  1000  f  H  ,  (I) 


is  frequency  in  GHz  and  M  =  W/W  ,  the  ratio  of  received  power  to  free, space  power. 

,  a?  1 1  GHz,  measured  fades  were  1288  M  ,  while  Barn 


where  f 
results  were  much 
12,300  M1'  . 


less.  For  example. 
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Barnett ' s 


measured 
number  was 


A  typical  fading  event  during  the  night  of  August  13*19  started  about  2100  with  small  amplitude  oscilla¬ 
tions.  These  deepened  to  20  dB  until  0100,  then  had  intense  narrow  peaks  to  95  dB  until  0700.  From 
2100  to  2300,  late  evening,  the  upper  layer  height  slowly  disappeared  as  the  lower  layer  height  increases. 
From  0100  to  0300,  night,  only  a  single  layer  was  seen  (by  sodar,  as  in  the  other  layer  observations) 
during  the  deep  fades.  From  0500  to  0700,  morning,  a  new  double  layer  appeared,  with  the  upper  layer  more 
intense  than  the  old  lower  layer.  The  evolution  of  the  refractivity  profiles,  derived  from  the  four  tower 
level  measurements,  showed  a  negative  rate  of  increase  of  the  refractivity  between  21  and  77  m  in  three 
profiles  from  1802  to  0222.  The  slope  of  the  refractivity  changes  ffrom  negative  to  positive  between 
50  and  109  m  from  0239  to  0938. 


Statistical  properties  of  the  carrier  waves  were  in  good  agreement  with  previous  experiments.  The  11.6  GHz 
carrier  behaved  better  than  expected.  Simu I taneousrecordi ng  with  a  sodar  indicated  (i)  daytime  convective 
activity  did  not  affect  microwave  signal  level,  (ii)  atmospheric  layering,  which  always  occurred  at  night, 
created  intense  multipath  fades,  (iii)  the  layer  height,  which  caused  fading,  was  between  90  and  100  m 
above  local  ground  levels,  and  (iiii)  sodar  voltage  profiles  reflected  the  different  behaviors  of  signal 
fades.  If  used  properly,  acoustic  sounding  is  a  very  valuable  predictor  of  microwave  impairments  on 
LOS  paths. 


3.9  A  Comparison  of  Radio-Wave  and  In-Situ  Observations  of  Tropospheric  Turbulence  and  Wind  Velocity 

This  paper  was  presented  by  M.H.A.J.  Herben,  Eindhoven  University  of  Technology,  Eindhoven,  and  co-authored 
by  W.  Kohsiek,  Royal  Netherlands  Meteorological  Institute,  De  Bilt,  Netherlands.  It  described  amplitude, 
phase-difference  measurements,  phase  measurements  of  scintillation  at  30  GHz  on  an  8.2  LOS  path.  Temper¬ 
ature,  humidity  fluctuations,  and  wind  speed  were  measured  midway  along  the  path. 

The  30  GHz  signal  from  Mierlo  .as  received  and  mixed  in  Eindhoven  with  29.56  GHz  from  a  voltage  controlled 
oscillator  (VC0) ,  phase  locked  to  the  incoming  signal  with  a  50  MHz  crystal-controlled  reference  source. 

The  990  MHz  from  the  mixer  is  then  in  turn  mixed  with  500  MHz  (generated  with  a  10  x  multiplier  of  the 
50  MHz  reference  crystal  source),  and  the  60  MHz  is  then  mixed  with  the  50  MHz  reference  to  form  a  10  MHz 
signal,  which  is  a  measure  of  the  received  30  MHz  signal  from  Mierlo.  The  29-56  GHz  at  Eindhoven  is  now 
retransmitted  to  Mierlo,  where  the  990  MHz  phose  locked  loop  bandwidth  is  sufficient  to  assure  that  the 
29.56  GHz  signal  still  has  the  phase  fluctuationsof  the  original  30  GHz  signal  from  Mierlo.  After  mixing, 
the  29.56  GHz  signal  sent  from  Eindhoven  is  mixed  with  30  GHz  to  form  a  990  MHz  reference.  The  990  MHz 
reference  Is  transmitted  to  Eindhoven,  where  it  Is  downconverted  in  two  steps  with  the  50  MHz  reference  and 
the  10  x  multiplier.  The  phase  of  the  10  MHz  signals  are  added,  and  will  equal  twice  the  phase  fluctua¬ 
tions  of  the  30  GHz  signal,  or  the  sum  of  the  30  GHz  and  29.56  GHz  signal  fluctuations. 

The  theory  used  in  analyzing  the  data  was  the  weak  scattering  theory  with  the  application  of  the  Kolmogoroff 
refractive  index  spectrum.  The  phase  difference  spectrum  falls  below  the  corresponding  single  aperture 
spectrum  for  low  frequencies,  but  is  twice  as  large  for  higher  frequencies.  This  agrees  with  Taylor's  frozen 
turbulence  hypothesis  used  in  weak  scattering  theory. 


Wind  velocities  from  the  measured  amplitude  scintillation  spectra  agree  rather  well  with  the  in-situ 
measured  ones.  The  refractive  index  structure  parameter  C  were  about  one  third  of  those  obtained  from 

those  obtained  from  the  30  GHz  amplitude  scintillations.  Height  scaling  of  -4/3  may  not  be  applicable  to 

these  measurements. 
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Turbulence  grows  during  the  mornings  of  sunny  days.  At  30  GHz,  the  contributions  to  of  the  humidity 
structure  parameter  C«  and  the  structure  parameter  of  temperature-humidity  were  dominant,  neglecting 
the  temperature  structure  parameter  Cj  .  v 

3.10  Amplitude  Scintillations  in  Propagation  Paths  Above  10  GHz 

This  paper  was  written  by  P.  Sasili  et  al  and  was  presented  by  D.  Solimini,  Istituto  di  Elettronica,  Univer¬ 
sity  di  Roma,  Italy.  A  theoretical  form  obtained  from  a  spectral  approach,  combined  with  experimental  data 

for  a  35  GHz  LOS  link  in  urban  Rome  and  for  the  II  and  17  GHz  earth-space  path  of  the  SIRIO  experiment, 
were  reported  here. 


Since  the  electromagnetic  field  in  the  atmosphere  with  a  randomly  varying  refractivity  is  also  random  in 
both  space  and  time,  a  spectral  representation  of  the  log-amplitude  amplitude  fluctuations  are  obtained  with 
the  Fourier  transform  of  the  corresponding  temporal  covariance  function.  With  weak  fluctuations,  the  Rytov 
approximation  for  a  scalar  field  yields  spectral  densities  for  the  plane  and  spherical  wave  cases.  For  a 
Kolmogorov  spectrum  of  turbulence,  the  asymptotic  forms  as  0  are 
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where  Wpu  and  W_u  are  plane  and  spherical  wave  spectral  densities,  o  are  the  variances  of  the  log-amplitude 
fluctuations,  aha  u>  is  related  to  the  wind  velocity  V  transverse  to  the  direction  of  wave  propagation  by 
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The  breakpoint  frequency,  where  spectral  components  asymptotically  cross  each  other,  is 
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leading  to  a  direct  retrieval  method  for  finding  V^. 

Experimental  results  for  the  35  GHz  LOS  path  near  Rome  show  V  to  be  0.5  and  0.63  m/s  at  0840  and  1125 
CEMT,  respectively.  Corresponding  values  measured  near  the  path  center  were  0.9  and  1.4  m/s.  Field  ampli¬ 
tude  scintillations  at  II  and  17  GHz  for  the  SIRIO  earth-space  path  are  given  for  three  different  events  of 
the  1979  summer.  The  spectra  of  the  field  fluctuations  appear  to  exhibit  common  peculiar  patterns,  although 
the  data  refer  to  events  with  different  average  attenuations.  At  2200  on  July  29,  1979,  the  average  attenu¬ 
ation  was  moderate.  On  2246  on  July  29,  it  was  high  because  of  rain  on  the  path.  At  0900  on  August  4,  no 
average  attenuation  was  observed.  The  spectral  density  of  sky  brightness  was  linear  with  a  slope 
slightly  less  than  -8/3. 


Meteorological  parameters  can  be  easily  monitored  for  short  LOS  paths,  but  earth-space  paths  have 
fluctuations  created  by  the  entire  atmosphere.  Clouds,  rain,  and  related  forms  or  precipitation  add 
more  difficulties. 


3.11  An  Offsetting  Technique  to  Study  Scintillations  in  Direction  of  Arrival  in  Earth-Space  Paths 

This  paper  was  presented  by  E.  Vi  I ar,  and  co-authored  by  P.  Lo,  G.  Weaver,  and  H.  Smith,  Electrical 
Engineering  Department,  Portsmouth  Polytechnic  Institute,  Anglesea  Road,  Portsmouth,  P01  3DJ,  United  King¬ 
dom.  It  is  an  inves t igat ion  of  fluctuations  in  direction  of  arrival  in  an  earth-space  path.  The 
instrumentation  is  a  high  gain  ground  based  antenna,  which  can  be  offset  by  +  7°  both  in  elevation  and  in 
the  horizontal  plane.  When  the  antenna  is  offset  from  the  direction  from  which  the  satellite  signal  is 
received,  the  gain  must  be  increased  in  the  receiver  amplifier  to  compensate  for  loss  of  antenna  gain 
and  the  noise  floor  of  the  system  also  increases.  The  front-fed  linearly  polarized  antenna,  with  a 
diameter  of  2.4  m,  receives  beacon  signals  from  the  Orbital  Test  Satellite  (0TS  2)  at  an  elevation  angle  of 
31  degrees  and  a  frequency  of  12  GHz. 

The  objectives  of  studies  were  short  and  long  term  statistics  of  scintillations  on  the  turbulent  slant  path. 
The  offset  and  non-offset  configurations  are  compared  to  subtract  contributions  from  amplitude  scintilla¬ 
tions.  Values  of  wind  speed  and  structure  constant  have  been  obtained  together  with  numerical  values  for 
the  angle  of  arrival  spectral  density. 
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4.  LONG  RANGE  PROPAGATION.  DUCTING.  AND  COVERAGE  OR  PREDICTION  PROBLEMS 

4.1  Results  Obtained  from  Attenuation  Measurements  of  the  Deutsche  Bundespost  OTS  -  Propagation 
Exper iment 

This  paper  was  presented  and  written  by  F.  Dintelmann,  Forschungs i nst i tut  der  Deutschen  Bundespost, 
Darmstadt,  Fed.  Rep.  of  Germany.  It  covers  four  complete  years  of  11.6  GHz  attenuation  data  at  an  eleva¬ 
tion  angle  of  30°.  One  year,  1975,  was  obtained  from  radiometer  measurements,  while  the  other  three 
years,  1979-81,  were  from  Orbital  Test  Satellite  (OTS)  telemetry  beacon  recordings.  Since  a  four-year 
average  is  less  than  the  five-year  average  usually  selected  for  long-term  averages,  computations  of  various 
combinations  of  three-year  periods  were  made  and  compared  with  each  other.  It  was  concluded  that  the 
four-year  average  represented  the  average  year. 

From  the  data,  attenuation  distributions  were  calculated  for  five  fixed  time  percentages,  .05,  .03,  .01, 
.005,  and  .003,  by  which  thresholds  were  exceeded  during  three-hour  periods  of  a  day.  Increased  attenua¬ 
tion  in  the  afternoon  and  evening  relative  to  the  annual  average  will  lead  to  higher  system  outages  if 
a  system  designer  relied  only  on  annual  attenuation  data. 

Traditional  satellites,  operating  in  the  4  to  6  GHz  and  in  the  II  to  14  GHz  bands,  are  usually  designed 
to  meet  objectives  of  the  Telecommunications  Administration  for  "any  month".  The  concept  of  "worst 
month"  prompted  compilation  of  annual  "worst  month"  attenuation.  This  was  compared  with  "worst  three-hour 
period"  and  the  average  year  cumulative  distributions.  For  example,  with  0.02%,  the  worst  month  exceeds 
the  worst  3-hours  by  5  dB,  while  the  worst  3-hours  exceeds  the  average  year  by  3  dB.  Fade  duration  data 
did  not  follow  the  log-normal  data  of  other  European  OTS  stations. 

4.2  First  Global  Results  of  the  European  Space  Agency  OTS  Propagation  Campaign 

A.  LaLoux,  presenter,  M.  Van  Schingen,  and  P.  Sobieski,  Laboratoire  de  Telecommunications,  Universite 
Catholique  de  Louvain,  Belgium,  and  G.  Brussard,  ESTEC,  Noordwijk,  Netherlands,  were  authors  of  this 
paper,  which  described  the  first  global  results  of  the  processing  of  data  from  the  OTS  propagation 
measurement  campaign.  This  was  done  with  the  on-board  beacons  of  OTS,  the  telemetry  carrier  TM  and  the 
beacon  BO/BI. 

The  European  Space  Agency  (ESA)  has  been  making  propagation  measurements  at  fluxmeter  stations  in  Milo 
(Italy),  Stockholm,  Dublin  and  Villafranca  (Spain).  A  radiometer  at  each  station  was  available.  Attenu¬ 
ation  was  measured  with  the  OTS  beacons  and  calculated  with  radiometric  data.  The  Fucino  (Italy)  SCTS 
collected  sky  noise  temperature,  and  TM  and  BO/81  co-  and  crosspolar  levels.  The  Noordwijk  (Netherlands) 
station  recorded  sky  noise  temperature,  B0/BI  co-  and  crosspolar  levels,  and  TM  copolar  level. 

Cumulative  distribution  of  B1  copolar  attenuation  for  the  first  year  at  Fucino  was  repeated  for  the  other 
three  sites  on  monthly,  yearly,  and  total  bases  and  for  each  beacon.  Processing  of  data  accounted  for 
variability  in  copolar  beacon  level  (CPA),  crosspolar  discrimination  level  (XPD),  diurnal  variations, 
drifts  of  clear  sky  level,  ranging  operation,  and  losses  of  lock  on  receivers.  The  data  base  also  pro¬ 
duced  fade  duration  statistics  and  diurnal  distribution  of  fades. 

Equal  probability  curves  of  medium  versus  sky  noise  temperatures,  TM  beacon  versus  B1  beacon  attenuations, 
and  812  versus  B1  attenuations  were  also  plotted.  The  mean  slope  of  TM  versus  B1  was  about  l.l  for 
the  first  year,  while  it  was  about  0.85  for  the  second  year.  With  B12  versus  B 1 ,  the  slope  was  1.44. 

4.3  Radiometric  Sensing  of  the  Atmospheric  Boundary  Layer 

P.  Ciotti,  A.  Silbermann,  0.  Solimini,  Universita  di  Roma,  Rome,  Italy,  and  E.R.  Westwater,  NOAA/Wave 
Propagation  Laboratory,  Boulder,  Colorado,  USA,  were  authors.  D.  Solimini  presented  this  paper,  which 
described  an  experiment  at  the  N0AA  Boulder  Atmospheric  Observatory,  where  a  300  m  instrumental  tower 
provided  adequate  atmospheric  truth.  The  output  of  an  infrared  radiometer,  at  the  base  of  the  tower, 
was  recorded  on  several  days  with  different  meteorological  conditions.  The  temporal  data  series  indi¬ 
cated  correlation  between  radiometer  output  and  the  structure  of  the  atmospheric  boundary  layer. 

The  radiometric  fluctuations  were  measured  with  an  upward- viewing,  highly  sensitive  radiometer,  while 
simultaneous  direct  observations  of  temperature,  moisture  or  humidity,  and  wind  were  taken  at  eight 
levels  by  fast  response  sensors  mounted  on  the  300  m  meteorological  tower.  The  measurements  were  made  in 
August  and  September  1981. 

Fifteen  temperature  and  profiles,  averaged  over  20  minutes  at  hourly  intervals,  from  the  evening  of 
September  II  to  the  morning  of  September  12,  1981,  showed  the  buildup  of  the  nocturnal  inversion  about 
one  hour  after  sunset,  1800  MST.  At  this  time,  the  measured  variables  were  changing  at  a  relatively  slow 
rate,  and  the  radiometer  output  was  decreasing  steadily.  However,  at  1928  and  again  at  1941,  sudden 
changes  in  the  radiometer  occurred,  accompanied  by  rapid  drops  in  the  low-level  temperature  which  sub¬ 
stantially  modified  the  temperature  profile  below  100  m.  This  decrease  in  temperature  was  due  to  the 
drainage  flow  from  the  Rocky  Mountains  nearby,  indicated  by  wind  recordings.  A  wedge  of  cold  air 
descending  from  the  mountains  had  passed  the  tower,  undercutting  the  warmer  air  of  the  lower  plains. 

A  very  significant  event  occurred  during  the  night  from  0500  to  0540  with  clear  sky  conditions,  slight 
surface  wind,  and  ground-based  temperature  inversion.  Oscillations  occurred  in  the  boundary  layer,  and 
wavelike  structures  were  found  at  various  levels  in  the  vertical  wind  velocities. 

The  morning  of  September  12,  1981,  was  clear  and  calm,  with  sunrise  at  0545.  The  boundary  layer  was 
quite  complex,  with  multiple  layering  and  wavelike  structures  in  vertical  wind  velocity  at  several 
levels.  After  0645,  solar  heating  of  the  ground  began  to  erode  the  nocturnal  inversion  and  the  depth  of 
the  warm  layer  increased  with  time.  The  radiometer  also  increased  its  output  with  triangular  patterns 
characteristic  of  convective  or  thermal  plumes. 
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4.4  Capability  of  Surface-Based  Clear-Air  Doppler  Radar  for  Monitoring  Meteorological  Properties  in 
Elevated  Layers 

This  paper  was  written  by  Earl  E.  Gossard,  University  of  Colorado/NOAA,  Russell  B.  Chadwick,  Thomas 
Detman  and  John  Gaynor,  NOAA/Wave  Propagation  Laboratory,  Boulder,  Colorado.  The  300  m  tower  in  this 
paper  was  the  same  tower  described  in  the  previous  paper.  Results  were  similar  to  those  in  the  previous 
paper  with  the  exception  of  some  FM-CW  radar  measurements  instead  of  radiometric  measurements. 

The  tower  was  instrumented  at  levels  10,  22,  50,  100,  150,  250  and  300  m  above  the  ground,  with  fast 
response  platinum  wire  thermometers,  sonic  anemometers,  and  a  Lyman  a  humidometer,  and  slow  response 
quartz  thermometers,  prop-vane  anemometers,  and  dew-point  sensors.  The  radar  refractive  index  was 
calculated  from  temperature  and  the  humidity  “mixing  ratio". 

On  February  10,  1982,  a  rare  event  occurred.  A  relatively  strong  layer  was  recorded  by  the  radar  as  it 
traversed  the  tower.  The  radar  was  operating  unmanned,  pointing  vertically,  and  it  cycled  automatically 
between  the  Doppler  mode  (15  seconds)  and  the  backscatter-power-vs-range  mode  (45  seconds)  every  minute. 
It  recorded  the  ascending  temperature  inversion.  Height  profiles  of  Cy2  were  deduced  from  temperatures 
at  different  tower  locations.  Other  temperature  inversion  data  was  also  obtained,  but  the  correlation  of 
tower-measured  and  radar-measured  turbulence  dissipation  rate  were  in  good  agreement  in  one  case,  but 
there  were  other  cases  where  the  two  measurements  showed  very  little  correlation. 

4.5  Comparison  of  Two  Methods  for  Estimating  the  Water  Vapor  Correction  to  Altimeter 
Readings  from  Radiometric  Measurements 

This  paper  was  written  and  presented  by  Albert  Guissard,  Laboratoire  de  Telecommunications,  Universite 
Cathoiique  de  Louvain,  Belgium.  It  described  two  methods  for  finding  the  wet  path  correction  to  alti¬ 
meter's  range  measurements  from  a  two-frequency  radiometer.  One  is  a  modification  of  Grody's  method  for 
determination  of  water  vapor  and  liquid  from  space.  The  other  is  an  extension  of  Wu's  method  for  ground 
determination  of  the  wet  path  length.  Nadir  observation  is  assumed. 

Range  errors  are  found  from  water  vapor,  clouds,  and  rain.  An  approximate  form  for  water  vapor  range 
errors  is 

AR  «  V  cm,  (I) 

m 

2 

where  V,  in  kg/m  ,  is  the  integrated  water  vapor  content,  and  Tm  is  0.96  x  ground  level  temperature  in 
K.  With  RH  ■  100%  at  20°  C,  pv(0)  =  17.5  g/nr  and  hv  =  2.6  km.  The  range  error  is  31  cm.  The  maximum 
value  was  found  to  be  about  40  cm  at  Wake  Island,  Pago  Pago,  and  Samoa.  With  clouds,  the  Rayleigh 
approximation  results  in  AR  to  be  1.5  cm  for  a  very  heavy  and  quite  unlikely  cloud.  The  M-P  distri¬ 
bution  for  rain  has  a  range  error  of  only  3  cm  at  14  GHz  for  a  5  km  rain  height.  Thus,  cloud  and  rain 
cont. i buttons  to  path  error  are  negligible. 

The  upwelling  brightness  temperature  comes  from  (i)  power  emitted  by  the  sea  surface,  (ii)  power  emitted 
down  from  the  atmosphere  and  scattered  by  the  sea,  and  (iii)  power  emitted  up  from  the  atmosphere.  The 
radiative  transfer  equation  is 

TB  “  TU  +  T  (0'H)  te  TS  +  (,_e)Td]  (Z) 

where  Tg  is  the  brightness  temperature  measured  by  a  pencil  beam  antenna,  Tg  and  Tj  are  up  and  down 
atmospheric  contributions,  T$  is  the  sea  surface  temperature,  e  is  effective  emissivity,  and  t  (0,H) 
is  the  vertical  transmittance  between  the  surface  and  height  of  observation  H. 

Grody's  method  is  a  change  of  (2)  into  a  simple  form 

2[oAV  +  BL  +  C]  -  -Hn[Ta  -  Tg]  +  tn[(l-e)TbJ,  (3) 

where  nAV  is  the  total  water  vapor  attenuation,  BL  is  the  total  cloud  attenuation,  and  C  is  the  total 
oxygen  attenuation  from  ground  level  to  above  the  atmosphere.  The  new  terms  Ta  and  T^  are 

Ta  -  T (0)  +  e  x  [Tj  -  T (0 )  ] ,  Tfa  -  T(0)  -  T<..  (4) 

Measurements  at  two  frequencies  yield  V  and  L  so  that  (I)  yields  the  range  error. 

The  second  method  had  poorer  results  than  the  first  method  when  1080  cases  were  analyzed.  The  first 
method  Is  also  simpler  to  implement. 
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FINAL  ROUND  TABLE  DISCUSSION 


To  promote  free  and  open  discussion  it  was  agreed  that  the  Final  Round  Table 
Discussion  that  appeared  in  the  Conference  Proceedings  would  be  written  in  a  non¬ 
attribution  format.  The  following  paragraphs  are  a  synopsis. 

After  the  Program  Chairman  explained  that  there  was  no  agenda  and  that  the  success 
of  the  Round  Table  Discussion  would  depend  on  the  initiative  of  all  participants, 
discussions  began. 

It  was  pointed  out  that  though  the  Symposium  participants  were  experts  there  was 
much  more  to  learn  about  the  propagation  medium.  Participants  who  would  perhaps  like 
to  make  a  contribution  feel  somewhat  overwhelmed  by  the  immense  task  of  dealing  with 
very  sophisticated  systems.  It  is  easy  when  a  problem  can  be  confined  to  a  laboratory 
bench.  But  when  dealing  with  the  earth's  atmosphere,  how  can  we  deal  with  the 
problem  of  obtaining  reliable  information  so  that  the  atmosphere  can  be  better 
modelled  to  find,  for  example,  refractivity  profiles.  It  is  remote  sensing  with  a 
very  tight  grid  with  a  lot  of  sensors  at  each  point  of  that  grid.  This  is  impossible 
for  researchers  with  limited  means.  Is  it  possible  for  this  symposium  to  provide 
general  guidelines  that  would  tell  us  where  our  efforts  should  be  directed  and, 
therefore,  optimized  from  the  point  of  view  of  results? 

A  response  indicated  that  we  can  never  take  all  of  the  data  that  we  would  like  to 
take.  It  is  appropriate  to  try  to  initiate  models  which  are  more  specific  to  smaller 
areas  than  models  which  would  pertain  to  larger,  almost  global  areas.  These  models 
would  be  used  as  the  framework  for  the  planning  of  tests  to  validate  these  models.  The 
variability  of  the  medium  against  the  performance  criteria  of  each  system  would  be 
tested.  There  is  no  sponsor  with  enough  money  to  saturate  an  area  with  meteorological 
measurement  and  no  one  with  the  capacity  to  handle  that  volume  of  data.  However,  it 
would  only  take  a  rather  small  effort  from  first  principles  to  model  certain  site 
specific  areas. 

It  was  added  that  the  word  "model"  is  very  broad  and  very  vague.  There  are  several 

ways  to  model  a  phenomena.  There  are  complex  models  and  simple  models.  The  complex 

model  is  not  always  the  best  one.  It  all  depends  on  the  use  intended  for  the  model. 

A  simple  model  dedicated  for  one  type  of  use  might  prove  unsuitable  for  a  different 

application.  It  cannot  be  said  there  is  one  model  for  a  given  phenomenon.  There  are 
several  models  more  or  less  adapted  to  what  is  needed.  When  the  word  "model"  is  used 
it  means  to  simplify.  This  means  that  some  features  are  dropped  depending  on  the 
application.  Some  features  can  be  completely  neglected  for  a  given  application,  while 
they  are  basic  and  fundamental  for  another  application. 

The  final  conment  concerning  models  was  that  there  are  empirical  models  based  only 
on  long  term  statistics,  and  there  are  physical  models  which  depend  on  knowing  the 
physical  processes  that  occur  in  a  given  medium.  There  are  many  cases  where  the 
empirical  modelling  has  reached  its  ultimate  condition.  The  only  way  in  which  it  is 
possible  to  improve  modelling  is  to  study  and  understand  the  physical  processes,  and 
thereby  arrive  at  a  physical  model. 

Related  to  the  use  of  models  is  the  question  of  statistics.  The  point  of  view  of 
civilians  and  military  personnel  regarding  statistics  in  telecommunications  are 
quite  different.  In  civilian  telecommunications,  they  must  guarantee  a  certain  level 
of  standard  of  performance  for  the  whole  time.  However,  there  might  be  an  interruption 
of  propagation  between  a  given  Wednesday  evening  and  Thursday  morning  of  a  certain 
month.  They  cannot  guarantee  this  performance,  but  only  indicate  a  certain  level  of 
performance  on  the  "worst  month".  In  military  telecommunications,  the  situation  is 
different.  They  have  a  specific  mission  on  a  given  day  at  a  given  time,  and  obviously 
they  do  not  want  to  be  shut  down  because  there  has  been  anomalous  propagation  on  that 
particular  day  and  at  that  particular  time.  Thus,  in  their  case  the  user's  statistics 
are  entirely  different.  Care  must  be  taken  when  dealing  with  statistics  to  avoid 
trying  to  go  beyond  the  laws  of  nature  and  the  limits  of  mathematical  expectations. 

Then  statistics  are  almost  treated  as  deterministic  laws,  and  of  course  they  are  not. 
Given  a  sufficient  number  of  months  or  years,  chances  for  a  given  percentage  of  time 
allow  us  to  predict  what  happens  in  those  periods.  If  we  go  beyond  that,  we  are  going 
to  fail.  When  you  look  at  statistics  of  the  process,  spectra,  etc.,  they  show  a 
tremendous  amount  of  variability.  However,  if  you  do  have  a  sufficient  number  of 
events,  then  you  can  say,  "In  the  long  run  I  can  now,  or  will  not,  exceed  something 
90t  of  the  time".  Therefore,  for  so  many  minutes  this  year,  things  will  behave.  But 
time  averages  do  not  make  deterministic  laws. 

This  led  into  a  discussion  of  the  modelling  philosophies  used  by  CCIR  Commission  5  and 
URSX.  One  point  of  view  was  that  there  was  a  division  between  CCIR  Conmission  5  and 
URSI  because  their  interests  in  one  and  the  same  phenomenon  are  different.  URSI  and 
some  of  the  papers  presented  at  this  Symposium  concentrate  on  measuring  the  refractive 
index  profiles  and  such  like.  They  try  to  meet  the  needs  of  people  who  want  to  know 
what  a  particular  phenomenon  is  doing  at  a  particular  time.  As  for  finding  out  whether 
the  phenomenon  takes  place  every  30  years  or  every  other  week,  this  may  be  of  very 
little  interest  to  them. 
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On  the  other  hand  CCIR  Conmission  5  uses  long  term  statistics.  Predictions  are  made 
on  whether  the  phenomenon  will  take  place  frequently  or  whether  it  will  be  so  infrequent 
that  it  is  possible  to  neglect.  The  purpose  is  not  only  to  understand  the  phenomenon, 
but  to  also  find  out  whether  it  will  be  of  importance  for  the  communication  link, 
whether  it  will  occur  very  often  or  very  seldom,  and  whether  it  will  occur  in  one  area 
rather  than  another.  Sometimes  the  phenomenon  can  not  be  expressed  very  well 
scientifically,  but  the  prediction  of  the  occurrence  of  such  phenomenon  can  be  made  with 
great  accuracy.  Those  who  follow  the  philosophy  of  CCIR  Commission  5  as  compared  to 
those  that  follow  URSI  may  not  want  to  know  in  detail,  if  at  all,  the  refractive  index. 
They  predict  for  example,  that  a  particular  system  goes  out  for  0.001%  of  the  time  per 
year.  Some  of  the  papers  presented  at  this  Symposium  followed  the  philosophy  of  CCIR 
Commission  5. 

Not  all  participants  agreed  that  there  was  a  great  division  between  CCIR  Commission  5  and 
URSI.  It  was  pointed  out  that  many  CCIR  documents  are  based  on  results  obtained  at  URSI 
meetings  and  published  in  the  open  literature  by  people  who  are  concerned  with  pure 
science.  Also  mentioned  was  that  those  concerned  with  CCIR  modelling  can  only  do  this  if 
they  understand  the  physical  processes  with  which  they  are  working.  Some  people  engaged 
in  URSI  activities  are  involved  with  both  physical  processes  and  statistical  modelling. 

Noting  that  both  CCIR  and  URSI  dealt  with  propagation  problems  though  from  different 
aspects  the  Program  Chairman  asked  for  comments  concerning  how  the  Electromagnetic  Wave 
Propagation  Panel  as  an  AGARD  Panel  serving  the  NATO  community  should  address  propagation 
problems.  The  Panel  Chairman  and  others  responded.  During  the  past  several  years  funds 
for  propagation  research  have  been  scarce  and  our  administrations  have  directed  work 
more  in  the  area  of  applied  research.  It  has  been  usual  for  the  Electromagnetic  Wave 
Propagation  Panel  to  have  sessions  on  applications  following  sessions  on  particular 
propagation  areas  that  address  propagation  limitations  on  systems.  It  is  hoped  that  the 
interplay  between  propagation  scientists  and  systems  engineers  which  might  produce  a 
result  that  is  more  useful  for  systems  people.  However,  there  are  occasions  when  the 
Panel  decides  that  an  overview  on  the  propagation  medium  where  physics  is  stressed  is 
needed.  Because  the  Panel  covers  the  frequency  spectrum  some  symposia  cover  radiowave 
propagation,  some  optical  wave  propagation,  and  some  cover  radiowave  and  optical  wave 
propagation  at  the  same  time. 

A  lively  debate  between  propagation  experts  and  systems  engineers  ensued.  Systems 
engineers  were  criticized  for  not  informing  theoretical  scientists  about  the  problems 
that  needed  to  be  solved  and  the  propagation  experts  were  criticized  for  not  responding 
in  a  timely  manner  to  the  problems  of  the  systems  engineers.  One  example  used  was 
multipath  fading  for  FM  microwave  links.  A  comment  was  made  that  these  microwave  links 
have  been  in  existence  since  1949  and  attempts  are  still  being  made  to  predict  multipath 
fading  effects  without  models  or  full  scientific  explanation.  Systems  are  still  being 
built  using  empirical  data  and  intuition.  A  counter  argument  was  that  when  these 
systems  were  first  installed  they  were  lightly  loaded  and  degraded  gracefully.  As 
requirements  for  communications  channels  increased  with  a  corresponding  demand  for  more 
capacity  along  with  digital  links,  problems  that  arise  do  not  allow  the  system  to  degrade 
gracefully.  In  many  areas  technology  is  advancing  faster  than  fundamental  physics 
problems  can  be  resolved.  Another  counter  argument  was  that  propagation  studies  have 
followed  a  cyclic  pattern  with  step-by-step  evolution.  Following  World  War  II  there  were 
a  great  number  of  line  of  sight  propagation  studies.  After  a  number  of  years  these 
studies  were  reduced  because,  at  the  time  of  applications  for  analog  relay  systems  with 
voice  channel  capabilities  of  a  few  hundred  to  a  few  thousand,  it  was  felt  that  sufficient 
knowledge  of  the  propagation  medium  was  available.  As  digital  techniques  advanced,  new 
problems  such  as  cross-polarization  and  frequency  selectivity  appeared.  A  new  range  of 
line  of  sight  propagation  studies  were  reactivated  at  a  higher  level  of  detail.  The  issue 
of  the  debate  was  summarized  when  a  comment  was  made  that  it  was  only  two  years  ago  that 
the  major  emphasis  of  theoretical  scientists  on  the  problems  of  rain  on  terrestrial  links 
and  earth-space  links  was  reduced  in  favor  of  multipath  studies.  This  is  in  comparison 
with  systems  engineers  saying  that  they  had  to  put  in  digital  systems  some  time  ago,  and 
it  is  a  pity  they  did  not  have  the  information  needed  about  multipath.  The  general 
conclusion  was  that  some  mechanism  for  identifying  the  major  emerging  propagation  problems 
should  be  established. 

The  research  scientist,  the  system  designer,  and  the  system  user  are  all  able  to  identify 
propagation  problems  that  need  to  be  resolved.  From  the  whole  universe  of  propagation 
problems,  a  means  to  prioritize  the  most  relevant  problems  should  be  established.  Some 
governments  have  recently  established  formal  procedures  for  setting  priorities.  There 
were  several  comments  indicating  that  AGARD  meetings  enabled  theoretical  scientists, 
systems  designers,  and  systems  users  of  similar  interests  to  meet  and  interchange  ideas. 
Those  individuals  normally  not  involved  in  military  work  can  become  familiar  with 
military  requirements.  The  topics  covered  at  this  meeting  were  of  timely  interest.  There 
was  an  URSI  meeting  a  few  months  previous  to  this  meeting  and  a  CCIR  meeting  a  few  months 
after  this  meeting  that  have  and  will  cover  similar  topics.  The  Panel  perspective 
concerning  propagation  problems  is  different  from  that  of  CCIR  and  URSI,  but  it  was 
generally  agreed  that  the  innovation  at  this  meeting  to  highlight  the  topics  presented  at 
other  recent  symposia  and  conferences  with  similar  themes  was  beneficial. 

The  Program  Chairman  thanked  the  participants  for  their  contributions  to  the  Round  Table 

Discussion. 
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The  objectives  of  the  Symposium  were: 

(a)  To  discuss  the  present  knowledge  of  the  meteorological  and  radio-meteorological  para¬ 
meters  which  may  have  an  influence  on  terrestrial  or  earth-space  radio  links. 

(b)  To  discuss  the  various  models  and  the  various  methods  of  predicting  the  effects  of 
these  parameters  on  radio  waves. 

(c)  To  discuss  the  effects  of  turbulence  and  particle  scattering  on  optical  propagation. 

(d)  To  investigate  possible  methods  to  overcome  the  perturbations  due  to  these 
propagation  effects. 
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